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SUMMARY 

The o b j e c t  of t h e  s tudy  r e p o r t e d  h e r e i n  was t o  determine t h e  

c h a r a c t e r i s t i c s ,  c a p a b i l i t i e s ,  and l i m i t a t i o n s  r e l a t e d  t o  t h e  a p p l i c a -  

t i o n s  of  mechanical-contact c l u t c h e s  i n  space. 

Ten c l u t c h e s  r ep resen t ing  n ine  manufacturers  were inspec ted  

and t e s t e d .  

s i d e r e d ,  and a c t u a t i n g  power requirements were compared. Tests made on 

t h e s e  c l u t c h e s  included determining time requirements  f o r  engagement and 

for disengagement. To determine t h e  e f f e c t  of wear, one c l u t c h  was 

cycled over  50,000 times wi th  average to rque  s l i g h t l y  g r e a t e r  t han  r a t e d .  

T h i s  same c l u t c h  was heated i n  an  oven t o  a s t eady  s t a t e  temperature  of 

165 F t o  determine t h e  e f f e c t  of high temperature on i t s  c h a r a c t e r i s t i c s .  

A d i s c u s s i o n  of h e a t  t ransfer  c o n s i d e r a t i o n s  r e l a t e d  t o  t h e  a p p l i -  

Torque-to-weight and torque-to-volume r a t i o s  were con- 

c a t i o n  of c l u t c h e s  i n  space i s  p re sen ted .  

Wrap-spring c l u t c h e s  were found t o  have l a r g e r  torque-to-weight 

and torque-to-voltme r a t i o s  t b n  those of d i s c  c lu t ches .  Spring c l u t c h e s  

also r e q u i r e d  less power>for a c t u a t i o n .  Results of  t h e  t e s t i n g  showed 

t h a t  t h e  time h i s t o r y  of torque f o r  a l l  t h e  c l u t c h e s  was i n  gene ra l  t h e  

same. The w a p - s p r i n g  was t h e  f a s t e s t  responding c l u t c h ,  bu t  problems 

were encountered due t o  h igh  drag t o r q u e s  and u n r e l i a b l e  disengagements. 

N e i t h e r  wear nor high temperature appeared t o  s e r i o u s l y  a l t e r  t h e  c l u t c h  

c h a r a c t e r i s t i c s .  Maximum torque was found t o  dec rease  s l i g h t l y  for t h e  

e l e c t r o m a g n e t i c a l l y  a c t u a t e d  c l u t c h  when it was operated a t  165 F. 

e v e r ,  t h e  conse rva t ive  r a t e d  torque of t h e  c l u t c h  was s t i l l  ob ta inab le .  

How- 
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Forcing c i r c u i t s  were f o w d  very e f f e c t i v e  i n  improving the time response 

of e l e c t r i c a l l y  actuated clutches.  
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NOMENCLATURE 

e 

hc 

I 

K 

k 

L 

P 

Q 

QC 

Qe 

QS 

R 

S 

T 

TO 
- 
T 

t 

W 

apea, square f e e t  

capac i t ance ,  f a r a d s  

vo l t age ,  v o l t s  

cons t an t ,  2.71828 

c o n t a c t  conductance,  Btu/hr-f t  -F 
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t h e r  ma 1 c o nd u c t i v i t y , B t  u/h r - f t -F 
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p re s su re ,  p s i  

hea t  t r a n s f e r ,  Btu/hr 

h e a t  t r a n s f e r  by conduction, B t u / h r  

h e a t  t r a n s f e r  from e l e c t r i c  c o i l ,  Btu/hr 

h e a t  t r a n s f e r  due t o  f r i c t i o n ,  Btu/hr 

r e s i s t a n c e ,  ohms; when r e f e r r i n g  t o  hea t  t r a n s f e r ,  
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€ thermal emissivity 
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8 d 28 /d t 2, 

cr coefficient of friction 

6 Stefan-Boltzmann constant, 0,1714 x Btu/hr-ft -R 

7 time constant, seconds 
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CHAPTER I 

INTRODUCTION AND HISTORICAL BACKGROUND 

Mechanical-contact c l u t c h e s  have been used f o r  many y e a r s  a s  a 

The t h e o r y  and t h e  des ign  of means o f  c o n t r o l l e d  powelr t r ansmiss ion ,  

t h e s e  c l u t c h e s  have no t  changed cons ide rab ly ,  but  t h e  discovered a p p l i -  

c a t  i o n s  a r e  almost innumerable ., 

The f i r s t  a p p l i c a t i o n s  of t h e  mechanical-contact c l u t c h  were i n  

t h e  des ign  of i n d u s t r i a l  machinery, 

t h i s  c l u t c h  h a s  played an  important r o l e  i n  t h e  automotive i n d u s t r y ,  and 

w i t h  t h e  development of t h e  automatic c o n t r o l  f i e l d  i n  t h e  p a s t  twenty 

y e a r s ,  t h e  number of a p p l i c a t i o n s  has  soared, To meet t h e  a p p l i c a t i o n s  

i n  t h e  c o n t r o l  f i e l d ,  many c l u t c h e s  have been designed t o  be a c t u a t e d  

from a remote source or by a s i g n a l  emi t t ed  by some p i e c e  of equipment i n  

t h e  system. 

S ince  t h e  inven t ion  of t h e  automobile,  

With such success  a s  has been accomplished i n  t he  automatic  con- 

t r o l  f i e l d ,  it i s  no t  s u r p r i s i n g  t h a t  c l u t c h e s  a r e  being considered f o r  

a p p l i c a t i o n  i n  t h e  space e f f o r t .  A c l u t c h  t h a t  can respond t o  s i g n a l s  

from a remote source is r equ i r ed ,  and t h e  c o n t r o l s  f i e l d  a l r e a d y  has  such 

a c l u t c h  -- many of them, i n  f a c t ,  w i t h  a v a r i e t y  of c a p a c i t i e s  and char-  

a c t e r i s t i c s .  

O b j e c t i v e  

The o b j e c t  of t h e  a u t h o r ' s  work has  been t o  o b t a i n  t h e  c h a r a c t e r -  

i s t i c s  mentioned above and determine t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  

r e l a t e d  t o  t h e  a p p l i c a t i o n  of mechanical-contact  c l u t c h e s  i n  space. To 
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accomplish h i s  o b j e c t ,  t h e  au tho r  has  t e s t e d  c l u t c h e s  manufactured p res -  

e n t l y  f o r  i n d u s t r i a l  and automatic  c o n t r o l  a p p l i c a t i o n s .  I t  i s  important  

t o  real ize  t h a t  t h e s e  c l u t c h e s  were no t  designed s p e c i f i c a l l y ,  i f  a t  a l l ,  

f o r  use i n  space,  However, by e x t r a p o l a t i o n  o f  t h e  d a t a  ob ta ined ,  it i s  

hoped t h a t  a c l u t c h  can be designed t h a t  w i l l  be a p p l i c a b l e  i n  t h e  space 

e f f o r t  

Mechanical-Contact Clutches 

F r i c t i o n  c l u t c h e s  a r e  the  o l d e s t  t ype  of  mechanical-contact  

c l u t c h e s .  

o f  f r i c t i o n  c l u t c h e s ,  t h i s  p r i n c i p l e  i s  very b a s i c  (1) :  

moving t o  t h e  r i g h t  ( s e e  Figure l ) ,  and body B i s  pressed a g a i n s t  A by a 

f o r c e  F, and i f  t h e  c o e f f i c i e n t  of  f r i c t i o n  of t h e  mating s u r f a c e s  i s  p, 

t h e n  t h e  maximum f o r c e  t h a t  can be t r a n s m i t t e d  by f r i c t i o n a l  c o n t a c t  i n  

t h e  p l ane  o f  t h e  mating s u r f a c e s  i s  

Although t h e r e  a r e  a number o f  ways of app ly ing  t h e  p r i n c i p l e  

I f  a body A i s  

FR = p F  

F 

F i g u r e  1, Bas ic  F r i c t . i o n  P r i n c i p l e ,  
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The manner i n  which t h e  con tac t  i s  made -- whether it i s  simply two f l a t  

p l a t e s  pressed t o g e t h e r ,  or a drum t h a t  expands t o  come i n  c o n t a c t  w i t h  

t h e  s h e l l  t h a t  surrounds it, o r  a f l e x i b l e  s h e l l  t h a t  expands inward t o  

make c o n t a c t  w i th  t h e  drum it surrounds -- c o n s t i t u t e s  t h e  primary d i f ?  

f e rence  i n  f r i c t i o n  c l u t c h e s ,  

by how t h e y  a r e  a c t u a t e d ;  mechanically,  e l e c t r i c a l l y ,  pneumatical ly ,  or 

h y d r a u l i c a l l y  (2) . 
Then each of t h e s e  t y p e s  may be c l a s s i f i e d  

The wrap-spring c l u t c h  a l s o  has  a simple p r i n c i p l e .  I f  a s p r i n g  

i s  t w i s t e d  i n  t h e  d i r e c t i o n  it is wound, t h e  diameter  of t h e  s p r i n g  

becomes sma l l e r ,  causing t h e  sp r ing  t o  g r i p  onto t h a t  around which it is 

wound, I f  t h e  s p r i n g  is twi s t ed  i n  t h e  oppos i t e  d i r e c t i o n ,  t h e  d i ame te r  

of t h e  s p r i n g  w i l l  become l a r g e r ,  r e l e a s i n g  any g r ipp ing  fo rce .  A 

s p r i n g  wrapped around two s h a f t s  could connect or disconnect  t h e  s h a f t s ,  

t h u s  c o n t r o l l i n g  power t ransmission.  

Usually,  t h e  sp r ing  of a wrap-sprfng c l u t c h  i s  wound so t h a t  i t s  

i n s i d e  diameter  i s  sma l l e r  than t h e  diameter  of both d r i v i n g  and d r i v e n  

ends,  producing a r a d i a l  fo rce  on t h e  s h a f t s ,  The p r i n c i p l e  of o p e r a t i o n  

depends upon t h i s  r a d i a l  force combined w i t h  t h e  c o e f f i c i e n t  of f r i c t i o n  

batween t h e  s p r i n g  and t h e  s h a f t s ,  To disengage t h e  c l u t c h ,  a t a n g  con- 

nes.ted t o  the end of  t h e  sp r ing  is he ld  or t u rned  oppos i t e  t h e  d i r e c t i o n  

of t h e  t u r n i n g  c l u t c h ,  t h u s  unwinding t h e  spr ing.  A v a r i a t i o n  used by 

same manufacturers  is t o  have an i n t e r f e r e n c e  f i t  on ly  on one end, and 

a c t u a t i o n  i s  achieved by holding t h e  o t h e r  end a g a i n s t  t h e  s h a f t ,  wrap- 

p ing  t h e  s p r i n g  around it. 

used t o  redtaw t h e  i n e r t i a  of t h e  wrapping end. 

Tapered ( t h i c k n e s s )  s p r i n g s  a r e  sometimes 
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Rela ted  L i t e r a t u r e  Survey 

I n  1924, R e  Waring-Brown (3) wrote  h i s  book F r i c t i o n  Clu tches  

i n  which he d i scussed  t h e  theo ry  of  t h e  f r i c t i o n  c l u t c h e s  of t h a t  time, 

which, i n  view of i t s  s i m p l i c i t y ,  u n s u r p r i s i n g l y  i s  t h e  same today. 

S ince  t h a t  time, t h e  l i t e r a t u r e  y i e l d s  only  a r t i c l e s  on new app l i ca -  

t i o n s  and v a r i a t i o n s  of t h e  bas i c  t heo ryo  

The automotive i n d u s t r y  and t h e  manufacturers  o f  c l u t c h e s  a r e  

t h e  major sources  of d a t a  on t h e  c h a r a c t e r i s t i c s  of  mechanical-contact  

c lu t ches .  Before new c l u t c h e s  a r e  manufactured, p ro to types  pas s  many 

tes ts  t o  o b t a i n  such d a t a  a s  r e l e a s e  load, t o t a l  I'actual1l p l a t e  fo rce ,  

t h e  to rque  capac i ty ,  and t h e  b u r s t  l i m i t  r.pomo ( 4 ) .  

a r e  even t e s t e d  t o  d e s t r u c t i o n  (5). 

Some c l u t c h e s  

Concern f o r  t h e  response time of  c l u t c h e s  has  been brought about  

For example, t h e  w i t h  t h e  development of t h e  automatic  con t ro l  f i e l d ,  

Na t iona l  Bureau of  S tanda rds  used a c l u t c h  t o  advance t h e  f i lm  i n  a 

camera t h a t  photographed randomly occur r ing  even t s ,  t h e  e v e n t s  au to-  

m a t i c a l l y  t r i g g e r i n g  t h e  camera ( 6 ) 0  

m i l l i s e c o n d s  was r equ i r ed  f o r  t h e  c lu tch .  However, t h e  response times 

o f  c lu t ches ,  o t h e r  t han  those  s p e c i f i c a l l y  designed f o r  au tomat ic  con- 

t r o l ,  a r e  not  g e n e r a l l y  given i n  t h e  manufac turer ' s  s p e c i f i c a t i o n s .  

A response time of less than  seven 

Spr ing  c l u t c h e s ,  a l though not  a s  o ld  a s  t h e  f r i c t i o n  type  of c l u t c h ,  

have been used f o r  years .  T h e  t heo ry  o f  t h e  sp r ing  c l u t c h  and how t o  

d e s i g n  it was presented  i n  1939 by Wiebusch ( 7 ) ,  and then  l a t e r  by Kaplan 

( 8 ,  9-1 

Advantages of  t h e  spr ing  c l u t c h  have been found t o  be i t s  f a s t  

response  and i t s  h igh  r a t i o  of t o rque  t o  i n e r t i a ,  Leonard (10) speaks 
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of  sp r ing  c l u t c h e s  t h a t  can br ing a r a t e d  load up t o  a f u l l  speed i n  

less than  two mi l l i s econds .  He-does no t ,  however, g ive  s p e c i f i c s  on 

how l a r g e  t h e  r a t e d  load is .  

One disadvantage o f  t h e  s p r i n g  c l u t c h  is t h a t  it can on ly  d e l i v e r  

t o rque  i n  one d i r e c t i o n ,  whereas most f r i c t i o n  c l u t c h e s  d e l i v e r  t o r q u e  

i r r e g a r d l e s s  of t h e  d i r e c t i o n  of rotation.,  Another disadvantage i s  

t h e  c l u t c h ' s  unpred ic t ab le  backlash,  a l though Kaplan (11) has e l imina ted  

t h i s  backlash by modifying t h e  spr ing.  

Actuat ion of c l u t c h e s  i n  space w i l l  be probably done from a source 

remote from t h e  c l u t c h .  E l e c t r i c a l  a c t u a t i o n  and pneumatic o r  h y d r a u l i c  

a c t u a t i o n  using a solenoid valve a r e  t h e  t y p e s  f r e q u e n t l y  used. Of 

cour se ,  t h e  t o t a l  response time f o r  a c t u a t i o n  depends no t  on ly  on t h e  

c l u t c h  b u t  on t h e  response time of  t h e  a c t u a t o r  a s  well. 

Forcing c i r c u i t s  a r e  u s u a l l y  used where f a s t  response i s  d e s i r e d .  

By applying a higher- than-rated v o l t a g e  a c r o s s  t h e  c o i l  and then  reduc- 

i n g  it t o  t h e  r a t e d  working vo l t age  a s  t h e  f l u x  r eaches  i t s  s t e a d y - s t a t e  

va lue ,  f u l l  t o r q u e  i s  app l i ed  t o  t h e  load much sooner,  and engagement 

and disengagement t imes  can be reduced correspondingly.  

As i l l u s t r a t e d  by S a l i a t e s t a  ( 1 2 ) ,  some c i r c u i t s  a r e  good on ly  

f o r  f a s t  response when engaging t h e  c l u t c h .  They do not  cause a quick 

r e l e a s e  of t h e  c l u t c h .  Figure 2 shows two such c i r c u i t s .  I n  c i r c u i t  

( a ) ,  both switches 1 and 2 a r e  c losed  t o  a c t u a t e  t h e  u n i t ,  a l lowing a 

h igh  v o l t a g e  t o  be app l i ed  t o  t h e  c o i l .  Af t e r  a time de lay ,  switch 2 

i s  opened reducing t h e  vol tage a c r o s s  t h e  c o i l  t o  t h e  c o r r e c t  working 

vo l t age .  C i r c u i t  ( b )  shows a n  R-C network where, upon c l o s i n g  t h e  



switch,  an i n i t i a l  high vol tage  i s  suppl ied  t o  t h e  c o i l  due t o  t h e  

c a p a c i t o r  d i scharge .  The r e s i s t o r ,  however, reduces  t h e  s t eady  s t a t e  

vo l t age  t o  t h e  r a t e d  vo l t age  for t h e  c o i l .  

Some c i r c u i t s  a i d  only  i n  t h e  r e l e a s e  of  t h e  c lu tch .  Figure 3 

shows one where a c a p a c i t o r  i s  shunted wi th  t h e  c lu t ch .  

A vacuum tube  c i r c u i t  such a s  shown i n  F igure  4 can be used t o  

speed up both ene rg iz ing  and de-energizing response times. 

D.C. 

( a )  ( b )  

F igure  2. Quick-Engagement C i r c u i t s .  

P. Block and D. Hennings, i n  t h e i r  llAutomatic Switching Cont ro l  

w i t h  E l e c t r i c  C lu tches  and Brakes" (13) ,  d e s c r i b e  a number of  a c t u a t i o n  

c i r c u i t s ,  some us ing  tungs ten  lamp bu lbs ,  

I t  i s  important  t o  note  t h a t ,  a s  Block and Hennings p o i n t  o u t  

(14) ,  when an  energ ized  c lu t ch  c i r c u i t  i s  opened, t h e  c o l l a p s e  of t h e  

magnetic f i e l d  produces a vo l tage  surge t h a t ,  u n l e s s  suppressed, can pro- 

duce severe  a r c i n g  a t  t h e  switch. A c a p a c i t o r  pos i t ioned  a s  i n  F igure  

3 is t h e  most common method o f  suppression.  
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:--7 - 7 - i  D.C. 

Figure 3. Quick-Release Circuit. 

Figure 4. Vacuum Tube Circuit. 



a 

Pneumatic and hydrau l i c  a c t u a t i o n  can be made f a s t e r  by p l ac ing  

t h e  c o n t r o l  va lve  a s  c l o s e  t o  t h e  c l u t c h  a s  p o s s i b l e ,  t h u s  reducing 

t h e  amount of f l u i d  t h a t  i s  compressed when t h e  c l u t c h  i s  a c t u a t e d ,  

F a s t e r  response of t h e  solenoid valve can be ob ta ined  by using one of 

t h e  fo rc ing  c i r c u i t s  mentioned above. F a s t  r e l e a s e  may sometimes be 

accomplished by exhaust ing t h e  f l u i d  d i r e c t l y  from t h e  c l u t c h  t o  t h e  

surroundings r a t h e r  t han  back through t h e  c o n t r o l  valve.  I n  space, 

however, it may not be d e s i r a b l e  t o  exhaust  t h e  f l u i d  t o  t h e  surround- 

ings .  

A number of  i n d u s t r i a l  and des ign  p e r i o d i c a l s  have i n  r e c e n t  

y e a r s  c a r r i e d  summaries of a v a i l a b l e  c l u t c h e s  and manufacturers ,  

r e c e n t  of t h e s e  summaries a r e  by Wardle (15), Har r i son  (16) ,  Taylor  (17), 

Gagne ( l a ) ,  and B o t s t i b e r  (19).  

(22)  a r e  a u t h o r s  of e a r l i e r  a r t i c l e s .  Most of t h e s e  a r t i c l e s ,  however, 

omit s p e c i f i c  d a t a  on performance and do not  compare one c lu t ch  wi th  

ano the r .  Some of t h i s  information w i l l  be furnished i n  t h e  work p resen ted  

here .  

Most 

Annett (20 ) ,  Barron ( 2 1 ) ,  and Hyler 



9 

CHAPTER I1 

EXPERIMENTAL INVESTIGATIONS 

Purpose of  E xperimenta t i o n  

To o b t a i n  d a t a  on torque  c h a r a c t e r i s t i c s ,  t e s t s  were made on t e n  

commerc ia l ly-ava i lab le  c lu t ches ,  r e p r e s e n t i n g  nine d i f f e r e n t  c l u t c h  

manufacturers .  

E xper ime n t  a 1 E qu i  pment 

A block diagram o f  t h e  t e s t  appa ra tus  i s  shown i n  F igu re  5. As 

can be seen from t h e  diagram, t h e  appa ra tus  was a v e l o c i t y  c o n t r o l  sys-  

tem us ing  feedback. 

For i t s  s t i f f n e s s ,  f a s t  response ,  and v a r i a b l e  speed c a p a b i l i t i e s ,  

a hydrau l i c  d r i v e  was used. Drive speed was obta ined  by us ing  a photoelec- 

t r i c  counter  t o  count t h e  t e e t h  on a gea r ,  and t h e  count was d i sp layed  

each  second on a n  e l e c t r o n i c  counter ,  

The c l u t c h  t o  be t e s t e d  was pos i t i oned  a f t e r  t h e  speed c o n t r o l  

feedback loop. Following t h e  c l u t c h ,  a s t r a i n  gage t o r q u e  t r ansduce r  

was used t o  measure to rque  build-up. I n  o rde r  t o  load t h e  c lu t ches ,  a 

f i x e d  end was provided w i t h  an a d j u s t a b l e  s l i p  c l u t c h  between it and t h e  

t o r q u e  t r a n s d u c e r o  

s h a f t  of t h e  t r ansduce r  and be used a lone  or i n  combination w i t h  t h e  s l i p  

c l u t c h .  

An i n e r t i a  load  could a l s o  be p l aced  on t h e  ou tpu t  

A d u a l - t r a c e  s t o r a g e  o s c i l l o s c o p e  was used t o  r eco rd  t h e  time 

h i s t o r y  o f  t o rque ,  and a Polaro id  camera was used f o r  permanent recording,  
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Most c l u t c h e s  were ac tua ted  e l e c t r i c a l l y ,  t h u s  t h e  time h i s t o r y  

o f  a c t u a t i n g  c u r r e n t  was of i n t e r e s t .  

o s c i l l o s c o p e  along w i t h  t h e  torque h i s t o r y ,  Ac tua l ly ,  t h e  v o l t a g e  a c r o s s  

a known r e s i s t o r  i n  t h e  c l u t c h  c i r c u i t  was used t o  o b t a i n  t h e  c u r r e n t  

h i  s t o r y  

T h i s  h i s t o r y  was p l o t t e d  on t h e  

P res su re  bui ld-up o f  pneumatical ly  a c t u a t e d  c l u t c h e s  was recorded 

o n  t h e  o s c i l l o s c o p e  by means of a p r e s s u r e  t r a n s d u c e r ,  

D e t a i l e d  d e s c r i p t i o n  o f  t h e  in s t rumen ta t ion  used i s  g iven  i n  

Appendix A, 

Experimental Procedure 

T i m e  r e sponses  of t h e  c l u t c h e s  were of pr imary i n t e r e s t ,  so  t es t s  

T e s t s  were run  a t  v a r i o u s  were o r i e n t e d  around time h i s t o r y  of  t o rque ,  

speeds,  changing a c t u a t i n g  vo l t age ,  or changing a c t u a t i n g  p r e s s u r e  i n  t h e  

c a s e  of  pneumatical ly  a c t u a t e d  c l u t c h e s ,  

The time h i s t o r y  of  c u r r e n t  ( p r e s s u r e )  bui ld-up was recorded on 

t h e  o s c i l l o s c o p e  s imultaneously w i t h  t h e  torque build-up, s o  t h a t  l a t e r ,  

c u r v e s  could be p l o t t e d  of  torque ve r sus  c u r r e n t  ( p r e s s u r e )  

T e s t s  on a l l  e l e c t r i c a l l y  a c t u a t e d  c l u t c h e s  were run f i r s t  without  

t h e  use of  f o r c i n g  c i r c u i t s ,  

t h e s e  c l u t c h e s  t o  check t h e  e f f e c t  o f  such c i r c u i t s  on t h e  response times, 

Addit ional  tes ts  were made on some of  

P l a n s  were a t  f i r s t  made t o  t e s t  t o rque  bui ld-up w i t h  two t y p e s  of  

l o a d s ,  i n e r t i a  and f r i c t i o n ,  Upon f u r t h e r  s tudy ,  it was seen t h a t  t h e  

t o r q u e  bui ld-up of  both loadings would be i d e n t i c a l ,  

o f  t h e  c l u t c h  began moving i n  t h e  case  o f  a f r i c t i o n  load ,  o r  once t h e  

i n e r l i a  load was brought up t o  t h e  c l u t c h  inpu t  speed ( s t e a d y  s t a t e  

Once t h e  ou tpu t  
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v e l o c i t y ) ,  t h e  t o r q u e s  of  t h e  two systems would be d i f f e r e n t ,  

t h e  time of  t r a n s i e n t  t o rque ,  which was of  prime i n t e r e s t ,  t h e  curves  

would be t h e  sameo T h i s  was demonstrated on t h e  t e s t  appa ra tus ,  an  exam- 

p l e  of which i s  snown i n  Figure 60 

f i x e d  ou tpu t  w i th  an  in t e rposed  s l i p  c l u t c h ,  was used a s  t h e  primary t e s t  

a ppara t u s  

But d u r i n g  

Thus t h e  s imple r  s e tup ,  employing a 

One c l u t c h  was t e s t e d  new, and was t h e n  cycled over  50,000 times 

and t e s t e d  ac;ai:;. T h i s  same c l u t c h  was t e s t e d  a t  a high temperature  o f  

165 F ,  I n  t h e  case  of  t h i s  p a r t i c u l a r  c l u ' t c k ,  which employed a s p e c i a l  

ceramic f r i c t i o n  s u r f a c e  mate \ r ia l ,  no s i g n i f i c a n t  changes i n  o p e r a t i n g  

c h a r a c t e r i s t i c s  resulted. ,  

62,5 
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Torque-Time KelatfOnShiFL 

Disc  ClutGhes 

A t y p i c a l  time h i s t o r y  of t o r q u e  of a d i s c  c l u t c h ,  electromag- 

n e t i c a l l y  a c t u a t e d ,  i s  shown i n  F igu re  7 ,  The time h i s t o r y  of  c u r r e n t  

f o r  t h i s  t ype  of  c l u t c h  i s  a l s o  p l o t t e d ,  Actual d a t a  ob ta ined  from t h e  

c l u t c h e s  of  t h i s  type  a r e  shown i n  Appendix B, Figure 30 through F igure  

41 ., 

A t  t = 0, t h e  switch c o n t r o l l i n g  t h e  c l u t c h  was c losed  and t h e  

s o l e n o i d  a c t u a t e d ,  For 0 < t < t19 al though c u r r e n t  was b u i l d i n g  up, 

t h e r e  was no t o r q u e  build-up, Disc c l u t c h e s  have a f i n i t e  gap between 

t h e i r  p l a t e s ,  and it t a k e s  some c u r r e n t  going through t h e  c o i l  t o  cause 

t h e  p l a t e s  t o  move t o g e t h e r ,  During t l  u n i t s  of  time t h e  f l u x  d e n s i t y  

b u i l t  up s u f f i c i e n t l y  t o  move t h e  p l a t e s ,  and t h e y  a c t u a l l y  c losed t h e  

gap ,  A t  t = t t h e  p l a t e s  made c o n t a c t ,  1 

A c t u a l l y  on ly  able p l a t e  u s u a l l y  moves, Some c l u t c h e s  use a s t a -  

t i c n a r y  f i e l d  and a segmented i r o n  armature which mounts on d r i v e  p i n s  

o f  a s p l i n e  t o  permit  a x i a l  movement and whicn i s  connected t o  t h e  output  

? l l ? f t o  An i n t e r m e d i a t e  r o t o r  i s  used t o  magnet ica l ly  couple t h e  f i e l d  

t o  t!ie armature,  The r o t o r  and t h e  armature a r e  t h e  members of  t h e  c l u t c h  

which upon c o n t a c t  t r a n s m i t  torque,  The r o t o r  does not p h y s i c a l l y  c o n t a c t  

tlic f i e l d ,  Some d i s c  c l u t c h e s  have f i e l d s  t h a t  r evo lve  wi th  t h e  c l u t c h ,  

The arm:iture can be connected t o  e i t h e r  t h e  i n p u t  o r  t h e  ou tpu t  s h a f t ,  

When the c o i l  i s  energized through s l i p  r i n g s ,  t h e  armature moves, and t h e  

f r i c t i o n  f o r c e  o f  one member on t h e  o t h e r  t r a n s m i t s  torque.  I n  bo th  of  

t h e  ijhcjve c l u t c h e s ,  t h e  movement of  t h e  armature changes t h e  inductance o f  

t h e  c o i l  assembly ?nd ~Imvvs up  i n  t h e  time h i s t o r y  of  c u r r e n t  a s  a 
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Curing t l  C t 6 t2, to raue  b u i l t  up t o  , its maximum. I t  was found 

t h a t  f o r  most d i d c  c l u t c h e s  t h e  t c r q u e  bui ld-up was n e a r l y  l i n e a r  i f  

t h e  maximum to rque  a p p l i e d  t o  the c l u t c h  was w i t h i n  t h e  range f o r  which 

t h e  c l u t c h  w2. t  r a t e d ,  A5 t’ie cl i l tch reached i t s  upper to rque  l i m i t ,  t h e  

bui ld-up  slowed, making t h e  curve have a form s i m i l a r  t o  

-k t 
Torque = k l ( l  - e ) 

where 2 and k 2  a r e  both cons t an t s ,  Because t h i s  i s  t h e  same form 

a s  t h e  c u r r e n t  bu i ld-up  i n  a <,oil, t he  curve of  t o r q u e  bui ld-up v e r s u s  

c u r r e n t  bui ld-up could be a s t r a i g h t  l i n e  i f  t h e  r e s i s t a n c e  and inductance 

o f  t h e  c o i l  were p r o p e r l y  chosen, 

c a s e ,  b u t  a s  a f i r s t  approximation a s t r a i g h t - l i n e  r e l a t i o n s h i p  may be 

used, A curve of t o r q u e  build-up v e r s u s  c u r r e n t  bui ld-up f o r  Clu tch  C 

i s  shown i n  F igu re  8, 

1 

Unfortunately,  very seldom i s  t h i s  t h e  

Due t o  t h e  t y p e  of loading, f o e o ,  a s l i p  c l u t c h  p r e s e t  a t  t h e  

d e s i r e d  to rque ,  t h e  to rque  cu rvegeaked  a t  t h e  end o f  bui ld-up and t h e n  

dropped back t o  a s t e a d y  s t a t e  va lue  ( s e e  Appendix B ,  F igu re  31) ,  T h i s  

was because t h e  s t a t i c  f r i c t i o n  of  t h e  s l i p  c l u t c h  was h ighe r  t han  i t s  

k i n e t i c  f r i c t i o n ,  S i n c e  t h i s  was c h a r a c t e r i s t i c  o f  t h e  load and no t  o f  

t h e  c l u t c h  being t e s t e d ,  t h e  peak was not shown a s  p a r t  of t h e  t o r q u e  

h i s t o r y  for t h e  c l u t c h ,  

R e f e r r i n g  back t o  Figure 7, f o r  t2 < t < t t h e  c l u t c h  tu rned  3 

t h e  load ,  and ou tpu t  speed was t h e  same a s  t h e  i n p u t  speed of t h e  c l u t c h ,  

ioeo, no s l i p ,  I n  s t e a d y  s t a t e ,  f r i c t i o n  c l u t c h e s  do not  s l i p  u n l e s s  

t h e  c l u t c h  i s  loaded beyond i t s  t,orque capac i ty .  

A t  t = t3’ t h e  switch t o  t h e  c l u t c h  was opened., Cur ren t  



d i s s i p a t e d  from t h e  c l u t c h  c o i l  ve ry  r a p i d l y ,  b u t  t h e  t o r q u e  d i d  no t  

d e c r e a s e  a s  f a s t ,  I n  f a c t ,  un le s s  t h e  t o rque  was t h e  maximum f o r  t h e  

c l u t c h ,  t h e r e  was a time d e l a y  a f t e r  t h e  c u r r e n t  began t o  d i s s i p a t e  

b e f o r e  to rque  began t o  drop. The f l u x  had t o  d e t e r i o r a t e  t o  t h e  p o i n t  

where it no longe r  a p p l i e d  enough f o r c e  between t h e  p l a t e s  t o  main ta in  

t h e  r e q u i r e d  to rque ,  Residual  magnetism has  t h e  e f f e c t  of holding t h e  

p l a t e s  t o g e t h e r  even a f t e r  t h e  d o c e  s i g n a l  has  been removed. Once 

s t a r t e d ,  t h e  to rque  decreased i n  a smooth curve,  and t h e  d i s s i p a t i o n  

time was u s u a l l y  i n  t h e  o r d e r  of 50% of t h e  a c t u a t i o n  response time 

( s e e  F igu re  30 i n  Appendix B )  ., 

Although not i n d i c a t e d  i n  F i g u r e  7, some of t h e  d a t a  on t h e  e l e c t r o -  

m a g n e t i c a l l y  a c t u a t e d  c l u t c h e s  show d i s c o n t i n u i t i e s  i n  t h e  to rque  curves,  

o c c u r r i n g  a t  t h e  moment t h e  switch was opened. 

a c h a r a c t e r i s t i c  of  t h e  to rque ,  b u t  i n s t e a d  was due t o  t h e  sudden a r c  

a c r o s s  t h e  swi t ch  when it opened, The a r c  was sometimes picked up e lec-  

t r i c a l l y  on t h e  scope causing t h e  d i s c o n t i n u i t y ,  F igu re  7 was drawn with-  

o u t  t h e  d i s c o n t i n u i t y  s i n c e  t h e  to rque  curve was no t  r e a l l y  disconnected 

a t  t = tg., 

T h i s  d i s c o n t i n u i t y  was not  

Many c l u t c h e s  have sp r ings  t o  speed up t h e  disengagement time. I f  

a s p r i n g  i s  used, the  magnetic f i e l d  of  t h e  c l u t c h  must be s u f f i c i e n t l y  

s t r o n g  t o  overcome t h e  s p r i n g  f o r c e  and t o  y i e l d  good c o n t a c t  between t h e  

c l u t c h i n g  s u r f a c e s ,  The spr ing ,  on t h e  o t h e r  hand, must be s t r o n g  enough 

t o  overcome t h e  holding a c t i o n  of  r e s i d u a l  magnetism, 

i s  made when d e s i g n i n g  t h e  sp r ing  (23). 

d i x  Bo Clutch  E used a s p r i n g  t o  h e l p  disengage, b u t  Clu tch  B d i d  no t ,  

The improvement due t o  t h e  s p r i n g  i s  s i g n i f i c a n t .  

Usual ly  a compromise 

Note F i g u r e s  33 and 40 of  Appen- 
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-. 

Although t h e  curve of t o rque  bui ld-up v e r s u s  time f o r  a pnewmaticaily 

a c t u a t e d  d i s c  c l u t c h  i s  s i m i l a r  t o  t h e  one f o r  a n  e l e c t r o m a g n e t i c a l l y  

a c t u a t e d  c l u t c h ,  t h e  time h i s t o r y  of  p r e s s u r e  bui ld-up i s  d i f f e r e n t  t h a n  

t h a t  o f  c u r r e n t  a s  can be seen i n  Figure 9, 

respect t o  time i s  almost  a s t r a i g h t  l i n e ,  and i t s  s l o p e  i s  no t  a s  s t e e p  

a s  t h a t  of  an  e l e c t r i c a l  build-up i n  a c o i l ,  

P re s su re  bui ld-up w i t f i  

Explanat ion of t h e  curves i n  F igu re  9 i s  s i m i l a r  t o  t h e  e x p l a n a ’  

t i o n  f o r  t h e  cu rves  obtained with e l e c t r o m a g n e t i c a l l y  a c t u a t e d  c l u t c h e s .  

A i r  was c o n t r o l l e d  by an  ASCO solenoid 3-way va lve  a s  mentioned be fo re ,  

Due t o  t h e  solenoid t h e r e  was a time d e l a y  between t h e  a c t u a t i n g  s i g n a l  

( swi t ch  c losed )  and t h e  opening o f  t h e  va lve  i n d i c a t e d  on t h e  curves by 

t h e  p re s su re  beginning t o  inc rease ,  For t h e  system used, t h i s  d e l a y  

amounted t o  about  9 mi l l i s econds ,  The end of  t h e  d e l a y  i s  i n d i c a t e d  i n  

F i g u r e  9 by tle From tl t h e  p r e s s u r e  

reached i t s  maximum, 

Torque bui ld-up was delayed beyond 

inc reased  very smoothly u n t i l  i t  

tlo Most pneumatical ly  

a c t u a t e d  c l u t c h e s  squeeze t h e i r  p l a t e s  t o g e t h e r  by pushing (us ing  t h e  

f o r c e  o f  t h e  a i r )  from one s ide  of  t h e  p l a t e  assembly wh i l e  t h e  o t h e r  

s i d e  remains f i x e d ,  Again, a s  i n  t h e  e l e c t r o m a g n e t i c a l l y  a c t u a t e d  

c l u t c h ,  a f i n i t e  gap must be crossed r e s u l t i n g  i n  a time delay.  Pres-  

s u r e  must b u i l d  up t o  t h e  po in t  where it w i l l  move t h e  member, and t h e n  

t h e  member must a c t u a l l y  move a c r o s s  t h e  gap and c o n t a c t  t h e  p l a t e .  

p l e t i o n  o f  t h i s  a c t  i s  ind ica t ed  by 

Com- 

t2, 
Torque bui ld-up  f o r  t h e  two pneumatical ly  a c t u a t e d  d i s c  c l u t c h e s  

t e s t e d  can be desc r ibed  by two a d j o i n i n g  s t r a i g h t  l i n e s  w i t h  d i f f e r e n t  

s l o p e s ,  The i n i t i a l  s lope  was v e r y  s t e e p ,  suddenly changing t o  a more 
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gradua i  s l o w  a t  h ighe r  t o rques ,  The i n i t i a l  s t e e p  s l o p e  i s  thought  t o  

be due t o  t h e  reasonably h i g h  +e';sure i n i t i a l l y  fo rc ing  t h e  p l a t e c  

t o g e t h e r ,  The to rque  bui ld-up soon ove r t akes  t h e  slower i n c r e a s i n g  

p r e s s u r e ,  and t h e  i n c r e a s e  i n  torque p e r  u n i t  tune slows t o  be propor- 

t i o n a l  t o  t h e  i n c r e a s e  i n  p re s su re  per  u n i t  time, The change i n  s lope  

i s  n o t i c e a b l e  i n  Figure 10, 

A t  t ime t39 t o r q u e  was s u f f i c i e n t  t o  t u r n  t h e  load  a t  t h e  i n p u t  

speed of  t h e  c l u t c h  r e s u l t i n g  i n  s t e a d y  s t a t e  c o n d i t i o n s ,  

The switch was opened a t  t4? picked up e l e c t r i c a l l y  and shown 

on t h e  o s c i l l o s c o p e  a s  a * 'spikeOv1 

immediately,  f o r  t h e  f l u x  had t o  d e t e r i o r a t e  s u f f i c i e n t l y  t o  a l low t h e  

s p r i n g  of t h e  so l eno id  t o  overpower t h e  high p r e s s u r e  a i r ,  A s  soon a s  

t h e  va lve  c losed ,  a i r  began exhaust ing o u t  t h e  exhaus t  o r i f i c e  of t h e  

va lve .  

observed,  Both c l u t c h e s  had s p r i n g s  t o  speed up t h e i r  re lease,  and a s  

can  be seen i n  t h e  f i g u r e ,  once t o r q u e  began t o  drop, i t s  d e t e r i o r a t i o n  

was v e r y  r a p i d ,  

The valve,  however, d i d  no t  c l o s e  

P res su re  dropped q u i t e  low be fo re  any change i n  to rque  was 

Actual d a t a  obtained from t h e  t e s t s  on t h e  two pneumatical ly  a c t u a -  

t e d  d i s c  c l u t c h e s  a r e  presented i n  Appendix B, Figure 42 through F igure  

4 4  0 

I t  i s  t o  be noted t h a t ,  i f  d e s i r e d ,  smoozh and "cushioned" engage- 

ments  and disengagements can be achieved w i t h  pneumatical ly  a c t u a t e d  

c l u t c h e s  by u s i n g  a flow con t ro l  va lve ,  

For both  t h e  pneumatical ly  and t h e  e l e c t r o m a g n e t i c a l l y  a c t u a t e d  

c l u t c h e s ,  time response was e s s e n t i a l l y  t h e  same f o r  a l l  speeds,  Tests 

were r u n  w i t h  t h e  c l u t c h e s  a t  r a t e d  v o l t a g e  ( p r e s s u r e )  and r a t e d  loads ,  
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and speeds varying from 200 r ,pom, t o  1800 r,p,m, 

s l i g h t l y  s lower a t  t h e  lower speeds,  bu t  no t  o u t s i d e  t h e  band of response  

cu rves  obta ined  when t h e  c lu t ches  were r e p e a t e d l y  cycled a t  cons t an t  speed, 

Wrap -8 pr i nq C 1  u t  c Re s 

Torque bui ld-up was 

Some o f  t h e  c h a r a c t e r i s t i c s  of  t h e  wrap-spring c l u t c h e s  a r e  unique, 

b u t  i n  gene ra l  t h e i r  time h i s t o r y  of  t o rque  i s  ve ry  s i m i l a r  t o  an  e lec-  

t r o m a g n e t i c a l l y  ac tua t ed  d i s c  c lu t ch ,  

b a s i c  d i f f e r e n c e  between wrap-spring and d i s c  c l u t c h e s ,  

depend on t h e i r  a c t u a t o r s  t o  produce t h e  r equ i r ed  f o r c e  between t h e  

p l a t e s ,  

t h e  s t r e n g t h  of  its a c t u a t o r ,  The s t r e n g t h  of t h e  a c t u a t o r  of  a s p r i n g  

c l u t c h ,  a s  long a s  it i s  s u f f i c i e n t l y  s t rong  t o  t r i g g e r  t h e  c lu t ch ,  does  

n o t  determine t h e  to rque  capac i ty ,  Spr ing  c lu t ches ,  once ac tua ted ,  

depend on t h e  f o r c e  produced by t h e i r  wrapped sp r ing ,  

Use of  a c t u a t i n g  power i s  one 

Disc c l u t c h e s  

The to rque  c a p a c i t y  of t h e  d i s c  c l u t c h  i s  d i r e c t l y  r e l a t e d  t o  

Time h i s t o r y  of  t o rque  f o r  t h e  wrap-spring c l u t c h  depends some- 

what on t h e  t y p e  of a c t u a t i o n ,  so a d e s c r i p t i o n  o f  t h e  c l u t c h e s  t e s t e d  

is given  here ,  

One of  t h e  t h r e e  r r a p - s p r i n g  c l u t c h e s  was a c t u a t e d  electromag- 

n e t i c a l l y ,  T h i s  c l u t c h  was designed w i t h  t h e  sp r ing  a t t ached  on ly  t o  

t h e  inpu t ,  When vo l t age  was appl ied  t o  t h e  c o i l ,  t h e  e l ec t romagne t i c  

f i e l d  t h a t  was developed caused a s l eeve  t o  fo rce  t h e  sp r ing  a g a i n s t  

t h e  ou tpu t ,  wrapping t h e  spr ing,  

The o t h e r  two sp r ing  c lu t ches  t e s t e d  opera ted  i n  an  e n t i r e l y  d i f -  

Although a c t u a t i o n  could be considered e lec t romagnet ic ,  f e r e n t  mannero 

t h e  a c t u a t o r  was no t  a n  i n t e g r a l  p a r t  of  t h e  c l u t c h ,  I t  was i n s t e a d  

a n  e x t e r n a l  so l eno id  ( f r e q u e n t l y  not  even furn ished  by t h e  c l u t c h  
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manufac turer )  t h a t  caught or t e l e a s e d  a d e t e n t  p ro t rud ing  from a s l eeve  

around t h e  c lu t ch ,  The sp r ing  was wound such t h a t  it was i n  i n t e r f e r -  

ence f i t  w i th  both  i n p u t  and output ,  One end o f  t h e  sp r ing  was hooked 

i n t o  t h e  s l eeve  mentioned above, With t h e  s l eeve  r e l e a s e d ,  t h e  c l u t c h  

was energ ized ,  When t h e  s l eeve  was a r r e s t e d  by t h e  a c t u a t o r ,  t h e  c l u t c h  

was de -ene rg ized  and no to rque  t ransmit ted. ,  For t e s t i n g ,  a so lenoid  

was pos i t i oned  on each  c l u t c h  so t h a t  t h e  c l u t c h  was de-energized when 

t h e  so lenoid  was de-energized,  

Figure 11 shows t h e  gene ra l  time h i s t o r y  of  t o rque  and c u r r e n t  

f o r  t h e  l a t t e r  t ype  o f  a c t u a t i o n  us ing  a d o c ,  so lenoid .  

observed when t h e  f i r s t  type of a c t u a t i o n  was used i s  desc r ibed  i n  t h i s  

d i s c u s s i o n .  Actual  d a t a  obta ined  i s  presented  i n  Appendix Be 

The v a r i a t i o n  

Cur ren t  i n  t h e  so lenoid  began t o  i n c r e a s e  immediately upon c los ing  

t h e  swi tch  a t  t = 0. A t  t = tl t h e  so lenoid  had completely disengaged 

from t h e  detent,,  Torque d i d  not  begin t o  bu i ld  up immediately,  however, 

for t h e  s p r i n g  had t o  wrap, As t h e  sp r ing  wrapped, t o rque  began t o  

i n c r e a s e ,  s lowly a t  f i r s t  and then  ve ry  r a p i d l y  u n t i l  t h e  f r i c t i o n  load  

was tu rned  a t  i n p u t  speed, 

t h e  same f o r  t h e  c l u t c h  wi th  t h e  a c t u a t o r  an  i n t e g r a l  p a r t  of  i t s  con- 

t = t3" The to rque  bui ld-up was e s s e n t i a l l y  

s t r u c t i o n ,  

A t  t = 

i m e d i a  t e  1 ye  

tg t h e  c o n t r o l  swi tch  was opened, Cur ren t  decayed almost  

Depending on t h e  p o s i t i o n  o f  t h e  d e t e n t  t h e r e  was a time 

d e l a y  from t3 t o  t4 before  t h e  so lenoid  contac ted  t h e  d e t e n t  and 

f o r c e d  t h e  sp r ing  t o  unwrap, 

v e r y  r a p i d ,  

Once t o r q u e  began t o  dec rease  t h e  decay was 

For t h e  c l u t c h  which contained t h e  a c t u a t o r  a s  an  i n t e g r a l  p a r t ,  
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L 

t h e  time d e l a y  t < t < tq would probably have been o n i y  long enough 

f o r  the f l u x  t o  decay and r e l e a s e  t h e  spying, However, a c t u a l  d a t a  

f o r  t h i s  decay was not  obtained because t h e  c l u t c h  t e s t e d  would not d i s -  

3 

engage, More w i l l  be s a i d  about t h i s ,  

The f a s t  response  time of t h e  wrap-Spring c l u t c h  was very  impres- 

s i v e ,  Torque build-up was very f a s t  compared t o  t h a t  of  d i s c  c lu t ches ,  

b u t  s e r i o u s  problems were confronted t h a t  mus t  be e l imina ted  before  t h e  

wrap-spring c l u t c h  could be used f o r  space purposes,  

A l l  t h r e e  c l u t c h e s  had high drag  to rques  when de-energized. r e s u l t -  

i n g  i n  t h e  c l u t c h  hea t ing  upo A t  h igher  speeds t h i s  was very  s i g n i f i c a n t ,  

As mentioned above, t h e  c l u t c h  whose e lec t romagnet ic  a c t u a t i o n  was 

p a r t  of  i t s  c o n s t r u c t i o n  would not  disengage,  

u f a c t u r e r  about  t h i s  problem revea led  t h a t  t h e  end of t h e  sp r ing  had t o  

be s t a r t e d  i n  t h e  proper  d i r e c t i o n  before  it would begin t o  unwrap. 

T h i s  s t a r t i n g  a c t i o n  f o r  spr ing unwrap has been provided i n  an a c t u a t o r  

des igned  by t h e  manufacturer  of  t h e  c l u t c h  t e s t e d ,  

Consu l t a t ion  wi th  t h e  man- 

For t h e  c l u t c h e s  wi th  d e t e n t s ,  t h e  time d e l a y  between t h e  s i g n a l  

t o  de-energize and t h e  a c t u a l  disengagement i s  not d e s i r a b l e  i n  c o n t r o l  

systems,  e s p e c i a l l y  when t h e  de lay  i s  v a r i a b l e ,  depending on t h e  pos i -  

t i o n  of t h e  c l u t c h  when it rece ives  t h e  s i g n a l ,  

a b l e  wi th  more than  one de ten t ,  some manufacturers  have p a r t i a l l y  elim- 

i n a t e d  t h i s  problem,, Possibly,  a f r i c t i o n  su r face  r a t h e r  than  a d e t e n t  

on t h e  s l eeve  of  t h e  c l u t c h  would be t h e  answer, 

a p p l i c a t i o n s  where p r e c i s i o n  disengagement i s  r equ i r ed ,  t h e  c l u t c h e s  w i t h  

d e t e n t s  have t o  be modified,  

By making c lu t ches  a v a i l -  

Without any doubt,  f o r  

A g e n e r a l  l i m i t a t i o n  noted concerning sp r ing  c l u t c h e s  is t h a t  



maximum obe ra t ing  speeds of  t h e  i n d u s t r i a l  models a r e  lower than  equiva-  

l e n t  a l u t c h e s  of  o t h e r  types ,  

Forcing C i r c u i t s  

T e s t s  were made t o  check t h e  in f luence  of  fo rc ing  c i r c u i t s .  One 

c i r c u i t  t e s t e d  i s  shown i n  Figure 13. S p e c i f i c a l l y ,  t h i s  c i r c u i t  was 

v s e ' d t  co'n ICf=dtiGh'- E ,. and components used were ti 0,20 microfarad c a p a c i t w  

and a 156 ohm r e s i s t o r ,  

and t = tl 

f o r c i n g  c i r c u i t o  

I t  was found t h a t  t h e  t ime d e l a y  between t = 0 

shown i n  Figure 7 was decreased by 30 p e r  cen t  by us ing  t h i s  

The a c t u a l  time h i s t o r i e s  of  c u r r e n t  a r e  shown i n  F igure  14. 

The curve t a k i n g  t h e  longes t  time i s  f o r  Clu tch  E ac tua t ed  wi th  on ly  an  

e x t e r n a l  r e s i s t a n c e  (see Figure 12)  of 23,9 ohms, used t o  record  t h e  

build-up. S teady  s t a t e  vo l t age  a c r o s s  t h e  c l u t c h  was 24 v o l t s  d .co ,  

t h e  r a t e d  v o l t a g e  f o r  t h e  c lu t ch ,  The f a s t e r  curve i s  f o r  t h e  same 

c l u t c h ,  bu t  w i t h  t h e  fo rc ing  c i r c u i t  desc r ibed  above, S teady  s t a t e  

v o l t a g e  a c r o s s  t h e  c l u t c h  was aga in  24 v o l t s ,  To accomplish t h i s ,  t h e  

supp ly  v o l t a g e  had t o  be 46.8 v o l t s  d o c ,  

Wear and High Temperature E f f e c t s  

S i n c e  a l l  c l u t c h e s  were t e s t e d  new, a s  rece ived  from t h e  manu- 

f a c t u r e r s ,  it was d e s i r o u s  t o  determine i f  c h a r a c t e r i s t i c s  changed a s  the  

c l u t c h  was used, 

C lu tch  C was chosen f o r  t h e  t e s t  because of t h e  manufacturerc's 

c l a i m  o f  ex t remely  good wear p r o p e r t i e s  of t h e  f r i c t i o n  s u r f a c e  which i s  

a ceramic m a t e r i a l .  With t h i s  c l u t c h  set  up i n  t h e  appara tus ,  t h e  output  

end o f  t h e  c l u t c h  was f ixed  and p res su re  t o  t h e  hydrau l i c  motor was 
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reduced t o  25C p s i ,  

t o r  and a s o l i d  s t a t e  a m p l i f i e r  such t h a t  r a t e d  v o l t a g e  was app l i ed  t o  

t h e  c l u t c h  f o r  200 m i l l i s e c o n d s  once eve ry  second. 

The c l u t c h  was a c t u a t e d  wi th  a square wave genera- 

The c l u t c h  a c t u a l l y  worked a s  a brake,  s topping t h e  inpu t  i n e r t i a  

( i n c l u d i n g  t h e  flywheel and t h e  i n e r t i a  of t h e  h y d r a u l i c  motor) r o t a t i n g  

a t  about 60 r.p.m, p l u s  t h e  to rque  generated by t h e  motor, 

o f f  time of t h e  c l u t c h ,  i n p u t  speed aga in  became 60 rapom,  

During t h e  

During each cyc le  t h e  c l u t c h  s l ipped  f o r  about 150 mi l l i s econds .  

Peak to rque  reached 125 inch-pounds, but a v e r a g e  to rque  was 75 inch- 

pounds, on ly  s l i g h t l y  above t h a t  r a t e d  f o r  t h e  c lu t ch .  For fou r t een  

hour s  t h e  c l u t c h  was cycled once each second, r e s u l t i n g  i n  over 50,000 

c y c l e s .  

Only 0.0005 i n c h  wore from t h e  f r i c t i o n  p l a t e  of C lu tch  C a f t e r  

it had cycled over  50,000 times, 

The c l u t c h  was t e s t e d  for torque c a p a b i l i t i e s ,  and no change was found 

from t h o s e  e s t a b l i s h e d  when t h e  c l u t c h  was new, T h i s  i n d i c a t e d  t h a t  

50,000 c y c l e s  was on ly  a f r a c t i o n  of t h e  t o t a l  c l u t c h  l i f e .  

Very l i t t l e  wear product  r e s u l t e d .  

C lu tch  C was t h e n  subjected t o  a hea t ing  t e s t ,  An oven  was pos i -  

t i o n e d  on t h e  t e s t  s tand such t h a t  it surrounded t h e  c l u t c h ,  but  allowed 

it t o  t u r n .  

t empera tu re  of 165 F. 

manufacturer  f o r  below 175 F ,  

c l u t c h .  

The c l u t c h  was heated u n t i l  it reached a s t eady  s t a t e  

The i n s u l a t i o n  and t h e  c o i l  were r a t e d  by t h e  

Torque t e s t s  were then  performed on t h e  

Rated t o r q u e  was e a s i l y  obtained a t  t h e  high temperature ,  and time 
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i -  r e sponses  seemed unaffected,  Maximum to rque  f o r  t h e  c l u t c h  ( u s u a l l y  

somewhat h ighe r  t h a n  r a t e d  to rque )  had decreased somewhat a t  t h e  h igh  

temperature .  S l i g h t l y  less cu r ren t  was drawn, t oo ,  a s  might be expected 

due t o  t h e  i n c r e a s e  i n  r e s i s t a n c e ,  

Sources of Error 

To record to rque ,  t h e  s h a f t  of t h e  torque t r a n s d u c e r  had t o  be 

t w i s t e d .  I n  t w i s t i n g  t h e  s h a f t ,  a l l  i n e r t i a  between t h e  c l u t c h  and t h e  

t r a n s d u c e r ,  i nc lud ing  t h a t  of the ou tpu t  of t h e  c l u t c h  i t s e l f ,  had t o  

be a c c e l e r a t e d .  The to rque  r equ i r ed  t o  a c c e l e r a t e  t h i s  i n e r t i a  would 

n o t  be recorded on t h e  o s c i l l o s c o p e ,  t h u s  t o r q u e s  recorded were accord- 

i n g l y  i n  e r r o r o  I f  t h e  i n e r t i a  between c l u t c h  and t o r q u e  t r ansduce r  

were l a r g e  and a c c e l e r a t i o n  very f a s t ,  s i g n i f i c a n t  e r r o r  could r e s u l t  

d u r i n g  t h e  p e r i o d s  of t r a n s i e n t  t o rque ,  

Appendix C shows t h a t  f o r  t h e  system used, t h e  e r r o r  t h a t  might have 

occur red  was q u i t e  i n s i g n i f i c a n t ,  

An e r r o r  a n a l y s i s  p re sen ted  i n  

The Sanborn p r e a m p l i f i e r s  had r a t e d  r i s e  t imes  of one mi l l i s econd .  

Torque h i s t o r y  and, f o r  pneumatically ac tua t ed  c l u t c h e s ,  a i r  p r e s s u r e  

h i s t o r y  were recorded through t h e s e  p r e a m p l i f i e r s ,  

Although a microswitch was used t o  a c t u a t e  t h e  c l u t c h e s ,  a t  t h e  time 

o f  a c t u a t i o n  i n t e r m i t t e n t  contact  was b r i e f l y  recorded on t h e  o s c i l l o *  

scppe. T h i s  i n d i c a t e d  some bouncing of t h e  c o n t a c t s  w i t h i n  t h e  switch. 
c 

r 
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CHAPTER I11 

CLUTCH HEATING 

Heat T rans fe r  t o  a C lu tch  

The number of c y c l e s  p e r  u n i t  time t h a t  a c l u t c h  can be a c t u a t e d  

depends p r i m a r i l y  on two cons ide ra t ions .  F i r s t ,  t h e  time response o f  

t h e  c l u t c h  limits t h e  number of c y c l e s ,  

c y c l e  so many times i n  a given l e n g t h  of t ime f o r  a p a r t i c u l a r  a c t u a t i n g  

f o r c e .  

t h a n  can be d i s s i p a t e d  du r ing  t h e  considered u n i t  of time. 

l i m i t a t i o n  i s  o f t e n  t h e  more s e r i o u s  of  t h e  two, 

P h y s i c a l l y  t h e  c l u t c h  can on ly  

Secondly, t h e  amount of h e a t  generated i n t e r n a l l y  may be more 

T h i s  second 

Heat d i s s i p a t e d  wi th in  a c l u t c h  t h a t  i s  cycl ing i s  due p r i m a r i l y  t o  

s l i p p i n g ,  Qs. 

d i s s i p a t e d  from t h e  c o i l  a l s o  r e s u l t s  i n  h e a t ,  

e r a t e d  w i t h i n  t h e  c l u t c h ,  

Heat Due t o  S l i p p i n g  

If t h e  c l u t c h  is  a c t u a t e d  by a solenoid,  t h e  energy 

Qeo The t o t a l  h e a t  gen- 

i s  t h e  sum of Qs and Qe. 
Qg 

The hea t  generated due t o  s l i p p i n g  can be de r ived  a s  follows: 

Work for a r o t a t i n g  body can be r e p r e s e n t e d  by t h e  equa t ion  

where 

W = work 

T = torque 

8 = angular  displacement 
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For mechanical-contact c l u t c h e s ,  it was p r e v i o u s l y  s t a t e d  t h a t  

t o r q u e  inc reased ,  a f t e r  a n  i n i t i a l  time de lay ,  e s s e n t i a l l y  l i n e a r l y  w i t h  

r e s p e c t  t o  time a s  Shown i n  f i g u r e  15, Consider time beginning when 

t o r q u e  begins  t o  i n c r e a s e ,  and a t  

and is equa l  t o  t h e  r a t e d  torque,  

Now 

t = tl 

Tro 

t h e  t o r q u e  bui ld-up l is  complete 

where 

T 

T = k t  

k = Tr/tl 

e 

I n p u t  Veloci ty ,  Oin, = Constant  

0 
Time 

F igure  15, Torque Build-up of Mechanical-Contact Clutches.  
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Work, t h e r e f o r e ,  from t d 0 t o  t = tl i s  

Consider ,  now, on ly  t h e  input  of t h e  c l u t c h  and t h e  work t h a t  

Input  v e l o c i t y  was cons t an t  f o r  F igure  15, t h u s  i s  developed the re .  

work i n t o  t h e  c l u t c h  is given  by: 

T = ~ V  

(3.5) Win = ( k b i n t f ) / 2  

For an i n e r t i a  load ,  t o rque  i s  g iven  by t h e  r e l a t i o n s h i p ,  

( 3 . 6 )  

where 

T = i n e r t i a  of t h e  loa(  

8 = a c c e l e r a t i o n  of t h e  load 
.e 

Remember t h a t  it was found t h a t  t h e  to rque  bui ld-up f o r  an  i n e r t i a  load 

was t h e  same a s  f o r  a f r i c t i o n  load.  

( 3 . 6 ) ,  

Combining equa t ions  (3.2) and 

e. 

8 = k t / I  

I n t eg r a  t i ng , 

t 
6 = s  ( k t / I ) d t  = kt2/21 

0 

(3.7) 

Note t h a t  t h i s  i s  b of t h e  output  s h a f t .  
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Plac ing  equa t ion  (3.8) i n t o  equa t ion  (3.4) and i n t e g r a t i n g ,  t h e  

work o u t  of t h e  c l u t c h  between t * 0 and t = tl i s  found t o  be 

2 4  W o u t  = k tl /81 (3.9) 

A t  tl, t h e  to rque  build-up has  been completed. Mechanical-con- 

t a c t  c l u t c h e s ,  i f  run wi th in  t h e i r  c a p a c i t i e s ,  do no t  s l i p  once to rque  

h a s  completed i t s  build-up. Thus a t  tl t h e  ou tpu t  v e l o c i t y  e q u a l s  t h e  

i n p u t  v e l o c i t y  o f  t h e  c l u t c h ,  

Tr* 
completed a t  t = tl, 

Torque, a s  i n d i c a t e d  i n  Figure 15, i s  

As can be seen from equat ion (3.8), t o  have t h e  to rque  build-up 

t h e  i n e r t i a  of t h e  load m u s t  be 

kt: 
I = -  

2 Q, (3.10) 

where 

8, = 8 = b a t  tl i n  ou t  

S u b s t i t u t i n g  equa t ion  (3,lO) i n t o  equa t ion  (3 ,9 ) ,  it i s  found t h a t  

t h e  work o u t  of t h e  c l u t c h  i s  

- k Bin t: 
- 

Wo"t 4 (3.11) 

The energy l o s t  t o  h e a t  is t h e  d i f f e r e n c e  between t h e  work put  

i n t o  t h e  c l u t c h  and t h e  work taken ou t  during a given time. S ince  t h e  

c l u t c h  does no t  s l i p  a f t e r  t ime 

o n l y  occur s  du r ing  t h e  to rque  build-up, S u b t r a c t i n g  equa t ion  (3.11) from 

tl, h e a t  generated due t o  s l i p p i n g  

I 
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e q u a t i o n  (3.5),  it i s  found t h a t  t h e  h e a t  generated due t o  s l i p p i n g  du r ing  

tl u n i t s  of ti’me i s  

2 k 0 i n  tl 
Qs = 4 (3.12) 

The s p r i n g  c l u t c h e s  t e s t e d  a l l  had drag to rques ,  i .e.,  t o r q u e  was 

t r a n s m i t t e d  when t h e  c l u t c h  was de-energized. 

n o t  s u f f i c i e n t  t o  t u r n  t h e  load,  so a l l  t h e  energy w e n t  t o  heat .  

These d rag  t o r q u e s  were 

For  

c o n s t a n t  i n p u t  v e l o c i t y  and constant  d rag  to rque ,  du r ing  t h e  time i n t e r -  

V a l  t = tl t o  t = t2 t h e  heat  generated i n  t h e  c l u t c h  would be 

T i  i n  d t  = T i i n ( t p - t l )  (3.13) 

where T i s  t h e  d rag  torque.  

Heat Due t o  E l e c t r i c a l  D i s s i p a t i o n  

For an R-L c i r c u i t  l i k e  t h a t  shown i n  Figure 16, c u r r e n t  b u i l d s  

u p  according t o  t h e  well known equa t ion  

(3.14) 

a s  i s  i l l u s t r a t e d  i n  a c t u a l  t e s t  d a t a .  As can be a l s o  seen i n  t h e  d a t a ,  

once  t h e  swi t ch  i s  opened, c u r r e n t  d i s s i p a t e s  almost immediately ( see  

Appendix B).  
c 

I n  o r d e r  t o  o b t a i n  a general  equa t ion  f o r  t h e  h e a t  generated p e r  

c y c l e  i n  t h e  c o i l ,  some assumptions must be made. Assume t h a t  no h e a t  

is generated a f t e r  t h e  swi t ch  i s  opened. Assuming t h e  a p p l i e d  vo l t age  
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i s  cons t an t ,  and neg lec t ing  the  energy (work) used t o  move t h e  p l a t e s  

t o g e t h e r ,  t he  h e a t  generated i n  t h e  c o i l  p e r  cyc le  of t h e  c l u t c h  i s  

p r o p o r t i o n a l  t o  t h e  a r e a  under t h e  curve of t h e  tinle h i s t o r y  of cur-  

r e n t .  S p e c i f i c a l l y ,  

Mechanical Contact Clutches for Space Application, by €4. I. Anderson 

Page 33: Equation (3.15) ehould be 

I 

Time 

F igu re  16. An R-L C i r c u i t  and I ts  Current  History.  

Heat D i s s i p a t i o n  From a C lu tch  

Heat d i s s i p a t e d  from a c l u t c h  v a r i e s  w i t h  t h e  s i z e  of t h e  c l u t c h  

and t h e  manner i n  which it i s  mounted. 

an atmosphere d i s s i p a t e s  much of i t s  h e a t  by convection. 

ever, t h e  c l u t c h  may be ope ra t ing  without  an atmosphere or without  a 

g r a v i t a t i o n a l  f o r c e ,  both being xequired f o r  free convection. 

A c l u t c h  ope ra t ing  on e a r t h  i n  

I n  space,  how- 

Rad ia t ion  
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. 

and conduction a r e  t h e  o t h e r  means by which h e a t  t r a n s f e r  can be accom- 

p 1 i shed . 
Some c l u t c h e s  a r e  mounted l i k e  coupl ings w i t h  no f i x e d  base o r  

support .  For t h i s  case,  r a d i a t i o n  i s  t h e  prime f a c t o r  i n  t r a n s m i t t i n g  

hea t .  C. Depken (24) has presented a d e t a i l e d  d i s c u s s i o n  of t h i s ,  and 

o n l y  a b r i e f  summary w i l l  be presented here. 

on a base,  hea t  t r a n s f e r  by conduction can be added t o  t h a t  t r a n s f e r r e d  

by r a d i a t i o n .  I n  a vacuum, however, an  important  c o n s i d e r a t i o n  i n  d e t e r -  

mining h e a t  t r a n s f e r  by conduction i s  thermal c o n t a c t  conductance between 

mating s u r f a c e s ,  i.e., t h e  r a t i o  of h e a t  t r a n s f e r r e d  a c r o s s  a j o i n t  pe r  

u n i t  time, p e r  u n i t  a r e a  of the m a t e r i a l  s u r f a c e s ,  pe r  u n i t  temperature  

d r o p  a c r o s s  t h e  su r faces .  

p re sen ted .  

g e a t  T r a n s f e r  by Radiat ion 

When t h e  c l u t c h  i s  mounted 

A d e t a i l e d  d i s c u s s i o n  of t h i s  t o p i c  w i l l  be 

- For Depken's a n a l y s i s ,  t h e  c l u t c h  was assumed t o  be contained 

wi thou t  connect ions wi th in  a surrounding con ta ine r  whose temperature  was 

a c o n s t a n t  70 F. Assuming t h a t  i r r a d i a t i o n  f o r  both s u r f a c e s  was uniform, 

for a g r a y  body t h e  h e a t  t r a n s f e r  by r a d i a t i o n  from t h e  c l u t c h  p e r  u n i t  

a r e a  of t h e  c l u t c h  i s  given by t h e  equa t ion  

(3.16) 

where s u b s c r i p t  I r l "  r e f e r s  t o  t h e  c l u t c h  and s u b s c r i p t  "2" r e f e r s  t o  t h e  

surrounding s u r f a c e ,  Assuming e = E and t h a t  7, = 654 R based on 1 2 

r a t e d  t empera tu res  f o r  t h e  i n s u l a t i o n  of i n d u s t r i a l  c l u t c h e s ,  Depken 
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presented curves showing heat t ransfer  per un i t  area for  e 

from 0.1 t o  1.0 and for area r a t i o s  from 000 t o  1,O- 

values 

Heat Transfer by Conduction 

As shown i n  any elementary hea t  t r ans fe r  book (25), t he  hea t  

transfur per un i t  time by conduction, 

t u r e  such a s  shown in Figure 17 is given by 
Qc, through a composite struc- 

c 

(3.17) 

n = l  

Consider a rectangular base on t h e  clutch whose upper surface 

i s  the temperature of the clutch, The base i s  

i n  contact wi th  t he  surface of a heat sink a t  temperature T:. The 

problem is t o  determine the  heat t r ans fe r  from t h e  c l u t c h  to  t h e  s ink .  

T: (see Figure 17), 

If contact conductance could be neglected, the problem would be 

s implif ied great ly ,  but unfortunately even i n  an atmosphere and espec- 

i a l l y  i n  a vacuum contact conductance, hc, must be considered, 

Because surface finishe6 of metals a re  usually i r regular ,  physical 

contact is  not made a t  a l l  points when two surfaces a re  held together. 

I n  f ac t  t h e  actual  contact area is usually only a small f rac t ion  of t h e  

apparent contact area. Not only i s  t h e  e f fec t ive  contact area a func- 

t i o n  of t h e  surface f i n i s h e s ,  b u t  a l so  a function of t he  material  f la tness ,  

t h e  contact material  i t se l f ,  and t h e  contact pressureo 

Thermal conductance of a contact o r  j o in t  is primarily a surface 

e f f e c t  depending on t h e  above mentioned conditions of the  surfaces, the 

proper t ies  of t h e  mater ia ls  making t h e  contact, and t h e  i n t e r s t i t i a l  
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Figure 17, Composite Structure,  

Figure 18, Base On Which C l u t c h  Might be Mounted., 
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c 

f l u i d .  The modes of h e a t  t r a n s f e r  a c r o s s  t h e  con tac t  a r e  1)  thermal 

r a d i a t i o n ,  2) conduction through t h e  c o n t a c t i n g  high p o i n t s  of t h e  

s u r f a c e s ,  and 

i n t e r s t i t i a l  f l u i d ,  I n  vacuum on ly  t h e  f i r s t  two modes a r e  e f f e c t i v e ,  

3) gaseous,  molecular,  o r  o t h e r  conduction through t h e  

T h e o r e t i c a l  a n a l y s i s  of t h i s  problem i s  p o s s i b l e  and has  been 

done, bu t  many of t h e  terms i n  de r ived  e q u a t i o n s  a r e  e i t h e r  d i f f i c u l t  

t o  e v a l u a t e  or a r e  n o t  known f o r  t h e  p r a c t i c a l  problem, Data, t h e n ,  

must be obtained by experimental  meanso Fundamental a n a l y s i s  had been 

made e a r l i e r  f o r  thermal contact  conductance of me ta l s ,  bu t  u n t i l  1962 

v e r y  l i t t l e  d a t a  had been obtained,  

was p r i m a r i l y  f o r  me ta l s  i n  a i r  and sometimes o t h e r  gases ,  Some of 

t h e s e  a r e  r e fe renced  i n  t h e  Bibliography, 

C o s t e l l o  (26) analyzed t h e  thermal c o n t a c t  conductance problem a s  

a p p l i e d  t o  unpressurized s a t e l l i t e s  and components, Data was p re sen ted  

on t h e  e f f e c t s  of s u r f a c e  f i n i s h  and f l a t n e s s  and on t h e  con tac t  conduc- 

t a n c e  between aluminum-aluminum and magnesium-magnesium p l a t e s  a t  p r e s s u r e s  

of t o  mm Hg a b s o l u t e ,  

The d a t a  t h a t  had been obtained 

I n  1962 E, Fr ied  and F, A, 

I n  t h e i r  r e p o r t  F r i ed  and C o s t e l l o  s t a t e  t h a t  it was observed 

t h a t  a t  zero c o n t a c t  p r e s s u r e  t h e  thermal  conductance was approximately 

t h e  same a s  when t h e r e  was a f i n i t e  gap of s e v e r a l  millimeters between 

t h e  s u r f a c e s ,  T h i s  i n d i c a t e s  t h a t  only r a d i a t i o n  and f r e e  molecular  

conduct ion a r e  important  hea t  t r a n s f e r  p a t h s  f o r  t h i s  cond i t ion ,  

I n  vacuum, and f o r  contact  p r e s s u r e s  up t o  35 p s i ,  it was found 

t h a t  c o n t a c t  conductances were of t h e  o r d e r  of 20 t o  125 Btu/hour-square 

foot-degree F, Contact  conductance was cons ide rab ly  improved when r e l a -  

t i v e l y  s o f t  shim m a t e r i a l s  ( lead and aluminum) were int roduced between 
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t h e  su r faces .  Other methods suggested t o  improve con tac t  conductance 

were 1 )  i n c r e a s i n g  con tac t  p re s su re ,  2) reduced su r face  roughness,  and 

3) improved f l a t n e s s  of su r faces ,  

I n  1963, H, Fench and W ,  M, Rohsenow (27) analyzed h e a t  conduc- 

t i o n  through s u r f a c e s  i n  con tac t ,  d e r i v i n g  an equat ion for c o n t a c t  

conductance, I n  1964, H, Fench and J, Henry published a paper on "The 

Use of Analog Computers f o r  Determining Sur face  Parameters Required f o r  

P r e d i c t i o n  of Thermal Contact Conawtansel l  (28), Only a b r i e f  s e c t i o n  

was devoted t o  vacuum operat ion,  however, 

Work done by MI, R ,  Stubstad (291 i n d i c a t e d  t h a t  i n  vacuum a com- 

b i n a t i o n  of rubber  and o i l  (RFV-S-5313 and 5314 wi th  25 p e r  c e n t  by 

weight  Dow Corning 200 s f l i ~ o n e  o i l )  ve ry  s i g n i f i c a n t l y  inc reased  c o n t a c t  

conductance,  In  StubstadOs tes t s ,  t h e  s u r f a c e s  were f i r s t  exposed to 

vacuum be fo re  being placed in con tac t ,  He i n d i c a t e d  t h a t  lower con- 

t a c t  conductances were obtained i n  vacuum when s u r f a c e s  were i n i t i a l l y  

p l aced  i n  c o n t a c t  before  evacuating t h e  chamber, 

werel l inconsis tent  a and ' therefore  ;I& presented" i n  t h e  pub- 

l i c a t i o n  (30), 

c a t i n g  how c o n t a c t  conductance v a r i e d  wi th  t h e  environmental  p r e s s u r e  

when mechanical p r e s s u r e  between t h e  p l a t e s  was a cons t an t  2 p s i .  

Data on t h i s  p o i n t  

A graph obtained by S tubs t ad  i s  shown i n  Figure 19  i n d i -  

Walter Aron and Gerald Colombo worked a n  t h e  problem of h e a t  

t r a n s f e r  a c r o s s  bo l t ed  j o i n t s  i n  a vacuum (31>0 

approximated d a t a  obtained by E ,  F r i ed  and mhers  by a math model r e l a -  

t i n g  thermal c o n t a c t  conductance f o r  bo l t ed  j o i n t s  i n  a vacuum environ-  

ment t o  p r e s s u r e  d i s t r i b u t i o n  and m a t e r i a l  s o f t n e s s :  

I n  t h e i r  r e p o r t  t h e y  



39 

300 

250 

200 

150 

100 

50 

0 

Contac t  Pressure ,  2 p s i  
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Fi.gure 19. Var i a t ion  of Contac t  Conductance wi th  
Environmental Pressure ,  

Table  1, Contac t  Conductance of Molybdenum-Aluminum J o i n t  

Cont a c t 
Pres su re  

p s i  

hc 
vacuum, 10-5 mm Hg 

Btu/hr  f t 2  F 

hC 
A i r ,  14 ,7  psi  
B t u l h r  f t 2  F 

40 

60 

80 

140 

550 

725 

1125 

P 35 
170 

150 

330 

1120 

1520 
2600 

167 

195 

178 

355 

1120 

1520 
2600 

. 

. 
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(3,18) 

P = i n t e r f a c e  con tac t  p re s su re ,  p s i  

= i n i t i a l  y i e l d  stress a t  e l a s t i c  l i m i t  
of p l a t e  m a t e r i a l ,  p s i  

They a l s o  i n v e s t i g a t e d  t h e  p re s su re  d i s t r i b u t i o n  of a b o l t e d  j o i n t  and 

found t h e  p r e s s u r e  dropped t o  zero a t  a r a d i u s  approximately equa l  t o  

t h e  loading r a d i u s  p l u s  1.5 t o  2,O times t h e  t h i c k n e s s  of t h e  p l a t e s .  

P e t r i  (32) found t h a t  a s  c o n t a c t  p re s su re  inc reased ,  t h e  d i f -  

f e r e n c e  i n  thermal conduc t iv i ty  between a i r  and vacuum c a s e s  became small .  

Tabulated i n  Table  1 i s  d a t a  he ob ta ined  by t e s t i n g  a Qolybdenum-aluminum 

lathe-machined j o i n t  i n  a i r  and i n  a vacuum of 

d e c r e a s e  i n  conductance a t  80 p s i  was caused by h i s  t e s t i n g  appa ra tus  

mm of mercury. The 

breaking,  p i t t i n g  t h e  su r face  of t h e  aluminum. 

An example w i l l  i l l u s t r a t e  t h e  use of equa t ions  and d a t a  and t h e  

importance of i nc lud ing  con tac t  conductance i n  conduction c a l c u l a t i o n s .  

Assume t h e  base of t h e  c l u t c h  i n  Figure 18 has a h e i g h t  of one 

i n c h  and i s  made of aluminum., Assume Tco i s  200 F and Tso i s  70 F. 

From elementary h e a t  t r a n s f e r ,  

R~ = L/(AK) (3,19) 

where i n  t h i s  example L i s  the h e i g h t ,  A is t h e  a r e a  of t h e  s e c t i o n  

th rough  which h e a t  f lows by conduction (perpendicular  t o  t h e  d i r e c t i o n  

of h e a t ) ,  and K i s  t h e  thermal c o n d u c t i v i t y  of t h e  m a t e r i a l .  

Another equa t ion  t h a t  w i l l  be used i s  
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. 

. 

Rh = l/(hcA) (3.20) 

where A is t h e  a r e a  of t h e  s e c t i o n  through which hea t  f lows and hc 

i s  a s  de f ined  be fo re ,  c o n t a c t  conductance, 

For t h i s  example, then,  

Tco-  Tso 

‘dA = ( l /hc)  + (L/K) (3.21) 

K f o r  aluminum is approximately 120 Btu/hr f t  F. 

h e a t  s ink  is molybdenum and t h e  con tac t  p r e s s u r e  i s  about  50 p s i ,  

would be approximately 150 Btu/hr f t  

f o o t  f o r  t h e  h e i g h t  of t h e  base,  t h e  h e a t  t r a n s f e r  p e r  u n i t  a r e a  i s  

abou t  17,700 Btu p e r  hour pe r  square f o o t ,  

conductance had no t  been included, t h e  r e su l t  would have been 188,000 

Btu/hr f t  . 
base ,  would f u r t h e r  reduce t h e  hea t  t r a n s f e r ,  

Assuming t h e  

hc 

Using t h e s e  v a l u e s  and 1/12 2 F. 

I f  t h e  e f f e c t  of c o n t a c t  

2 Any o t h e r  connections,  such a s  between t h e  c l u t c h  and t h e  

. 
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CHAPTER I V  

CLUTCH CHARACTERISTICS 

Estimated L i m i t  of 
Torque Per U n i t  Weight and Per  Unit Volume 

For comparison purposes,  Table  2 i s  presented g i v i n g  f o r  each 

c l u t c h  t e s t e d  t h e  manufacturer ' s  r a t e d  to rque  and t h e  maximum speed 

a t  which t h e  c l u t c h  should be runo 

per u n i t  volume and r a t e d  torque p e r  u n i t  weight of each c lu t ch .  

impor tan t  t o  remember t h a t  t hese  c l u t c h e s  were manufactured f o r  indus-  

t r i a l  purposes  and no t  s p e c i f i c a l l y  for use i n  space,  I f  one of t h e s e  

c l u t o h e s  were t o  be used i n  space, it would probably be i n t e g r a t e d  i n t o  

a 'lpackage,lI and would not  have t h e  weight and volume an  i n d u s t r i a l  

c l u t c h  has. 

o f f e r .  

Also t abu la t ed  a r e  t h e  r a t e d  to rque  

I t  i s  

However, on a comparison b a s i s ,  Table  1 has  something t o  

Honors f o r  t h e  most to rque  pe r  u n i t  volume and per  u n i t  weight 

Although a t  low to rques  go unquest ionably t o  t h e  wrap-spring c lu tch .  

e l e c t r o m a g n e t i c a l l y  ac tua t ed  d i s c  c l u t c h e s  have low to rque  pe r  u n i t  

weight  and pe r  u n i t  volume, a s  to rque  i n c r e a s e s  above 50 inch-pounds t h e s e  

v a l u e s  become q u i t e  good. 

l o g  (33) an  e l ec t romagne t i ca l ly  ac tua t ed  c l u t c h  wi th  r a t e d  s t a r t i n g  

t o r q u e  of 365 inch-pounds has  a r a t e d  to rque  pe r  u n i t  volume of 10.2 

inch-pounds per  cub ic  inch  and a r a t e d  to rque  per  u n i t  mass of 91.5 inch-  

pounds per  pound, comparing favorably  wi th  t h e  wrap-spring c lu tch .  

From d;:ta obtained from a manufac turer ' s  c a t a -  

Pneumatical ly  ac tua t ed  d i s c  c l u t c h e s  a r e  u s u a l l y  l a r g e r  and heavier  
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t h a n  o t h e r  d i s c  c l u t c h e s  or spring c l u t c h e s  w i t h  s i m i l a r  t o rque  capaci-  

t i e s .  

many times ope ra t ing  i n  p l a c e s  where working c o n d i t i o n s  a r e  much less 

t h a n  i d e a l .  The p r i n c i p l e  of pneumatic a c t u a t i o n  does not  r e q u i r e  l a r g e  

mass or volume, so f o r  space purposes such a c l u t c h  could be designed 

w i t h  less weight and volume than an i n d u s t r i a l  model. 

however, it i s  obvious t h a t  pneumatical ly  a c t u a t e d  c l u t c h e s  c u r r e n t l y  

manufactured have poor torque-to-weight and torque-to-volume r a t i o s  

compared t o  o t h e r  c lu t ches .  

T h i s  i s  because of t h e i r  p a r t i c u l a r  a p p l i c a t i o n s  i n  i n d u s t r y ,  

From Table 1, 

I t  i s  e s t ima ted  t h a t  i f  an  e l e c t r o m a g n e t i c a l l y  ac tua t ed  d i s c  

o r  wrap-spring c l u t c h  were t o  be used i n  space,  10 p e r  c e n t  of t h e  weight 

and volume of t h e  p r e s e n t l y  manufactured models could be el iminated.  

About 25 pe r  c e n t  of t h e  weight and volume of pneumatical ly  a c t u a t e d  

d i s c  c l u t c h e s  could be el iminated.  

ume could be e l imina ted  from t h e  p r e s e n t l y  manufactured wrap-spring 

c l u t c h e s  w i t h  d e t e n t s .  Applying t h i s  e s t i m a t i o n ,  F igu res  20 and 21 show 

weight  and volume f o r  v a r i o u s  r a t e d  to rques  based on t h e  c l u t c h e s  

t e s t e d  . 

Very l i t t l e ,  i f  any, weight or vol-  

Even wi th  t h e  e l i m i n a t i o n  of 25 pe r  cen t  of i t s  weight and vo l -  

ume, pneumatical ly  a c t u a t e d  d i s c  c l u t c h e s  s t i l l  have low torque-to-weight 

and torque-  t o  -vol ume r a t  i o  s 

Response Times 

Tab le  3 p r e s e n t s  t imes r e q u i r e d  t o  o b t a i n  c e r t a i n  responses  of 

A s  can be seen i n  Figure 22, t h e s e  response times t h e  c l u t c h e s  t e s t e d .  

v a r i e d  cons ide rab ly  with t h e  c lu t ch ,  About t h e  on ly  t r e n d  t h a t  can be 
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I .  

pointed o u t  i s  t h a t  t h e  d a t a  for  t h e  d i s c  c l u t c h e s  i n d i c a t e  a gene ra l  

i n c r e a s e  i n  time response for an i n c r e a s e  i n  torque.  

Actuat ing Power Requirements 

Table 4 is presen ted  t o  i l l u s t r a t e  two s i g n i f i c a n t  po in t s .  I t  

h a s  been mentioned be fo re  t h a t  t h e  to rque  c a p a c i t y  o f  d i s c  c l u t c h e s  

depends upon, among o t h e r  f a c t o r s ,  t h e  p r e s s u r e  between t h e  p l a t e s .  

As shown i n  Tab le  2, c l u t c h e s  "Af1 through rlE1l a r e  d l e c t r o m a g n e t i c a l l y  

a c t u a t e d  d i s c  c l u t c h e s  l i s t e d  i n  t h e  o r d e r  of dec reas ing  r a t e d  t o r q u e  
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F igu re  22, Time Required t o  Reach 50% Rated Torque 
for t h e  Various C lu tches  Tested.  
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c a p a c i t i e s .  

f i e l d  t o  a c t u a t e  them, bu t  t h e y  a l s o  use  it t o  app ly  t h e  necessa ry  p r e s -  

sure between t h e  p l a t e s .  

t o r q u e ,  t h e  e l e c t r i c a l  power r equ i r ed  t o  o p e r a t e  t h e  c l u t c h  must be 

i ncrea sed . 

Not on ly  do t h e s e  c l u t c h e s  depend upon t h e  e l ec t romagne t i c  

Table 4 shows ve ry  c l e a r l y  t h a t  f o r  i nc reased  

Table  4. C o i l  Data f o r  Electromagnet ic  C lu tches  

Rated Rated D.C. Co i l  Rated Inpu t  
Torque Voltage Res i s t ance  Power 

C l u t c h  ( i n - l b s )  ( v o l t  s ) (ohms) ( wa t t s ) 

A 100 90 670 

B 100 90 865 

C 70 12  17 

D 16 28 145 

E 1 24 175 

I 240 24 320 

12.1 

9.4 

a. 5 

5.4 

3.3 

1.8 

That i nc reased  ope ra t ing  power i s  r e q u i r e d  f o r  i nc reased  t o r q u e  

i s  t r u e  f o r  wrap-spring c l u t c h e s  a s  well, b u t  Table  4 i l l u s t r a t e s  a 

s i g n i f i c a n t  d i f f e r e n c e .  Manufacturers of wrap-spring c l u t c h e s  use t h e  

e l e c t r o m a g n e t i c  f i e l d  p r i m a r i l y  t o  a c t u a t e  t h e  c lu t ches .  

t h e  c l u t c h  i s  no t  l i m i t e d  by t h e  power of i t s  e l e c t r i c a l  c o i l .  

m i t  torque,  t h e  c l u t c h  uses  the  r a d i a l  f o r c e  of the wrapped s p r i n g  and 

t h e  c o e f f i c i e n t  of f r i c t i o n  between t h e  sp r ing  and t h e  s u r f a c e  on which 

it i s  wrapped. 

t o  o p e r a t e  a s p r i n g  c l u t c h  than i s  r e q u i r e d  f o r  a d i s c  c l u t c h  wi th  

Once a c t u a t e d ,  

To t r a n s -  

The s i g n i f i c a n c e  of t h i s  i s  t h a t  much less power i s  needed 
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e q u i v a l e n t  r a t e d  torque.  Although d i s c  c l u t c h e s  l1Al1 and "BI1 have 

r a t e d  t o r q u e s  of less than  ha l f  t h a t  of t h e  c l u t c h  111,11 a wrap-spring 

c l u t c h ,  t h e  power r a t i n g  of llItl i s  less  than  one f i f t h  t h a t  of l1Al1 or 

11B. 11 

Wear Products  

A problem encountered o c c a s i o n a l l y  wi th  d i s c  c l u t c h e s  i s  

contaminat ion of t h e  p l a t e s  i n  t h e  form of wear products.  I n  space 

a p p l i c a t i o n s ,  wear products  could produce m u l t i p l e  problems by con- 

t amina t ing  unprotected in s t rumen t s  i n  t h e  v i c i n i t y  of t h e  c lu t ch .  

Wear p roduc t s  were p a r t i c u l a r l y  not iced a f t e r  on ly  a few c y c l e s  

o f  C lu tch  A. The d r i v i n g  d i s c s  of t h i s  c l u t c h  were made of s teel  and 

t h e  d r i v e n  d i s c s  were of bronze. 

f r i c t i o n  m a t e r i a l  was a cerawic, showed very l i t t l e  wear product even 

a f t e r  it had been cycled over 50,060 times. 

On t h e  o t h e r  hand, C lu tch  C ,  whose 
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Time h i s t o r y  of t o rque  was found t o  have t h e  same g e n e r a l  form 

f o r  a l l  c l u t c h e s  t e s t e d .  Var i a t ions  were p r i m a r i l y  due t o  d e l a y s  

caused by t h e  means of ac tua t ion .  Wrap-spring c l u t c h e s  had t h e  f a s t e s t  

response of t h e  c l u t c h e s  t e s t e d ,  b u t  were no t  a s  r e l i a b l e  i n  disengaging 

as  t h e  d i s c  c l u t c h e s .  Of t h e  d i s c  c l u t c h e s ,  t h o s e  e l e c t r o m a g n e t i c a l l y  

a c t u a t e d  had a f a s t e r  response than  t h o s e  pneumatical ly  ac tua t ed .  

S p r i n g s  were found t o  be very e f f e c t i v e  i n  dec reas ing  t h e  disengagement 

time of d i s c  c l u t c h e s .  

u s ing  a flow c o n t r o l  va lve  i n  conjunct ion wi th  a pneumatical ly  a c t u a t e d  

d i s c  c l u t c h  o r  by varying t h e  appl ied v o l t a g e  on an e l e c t r o m a g n e t i c a l l y  

a c t u a t e d  d i s c  c l u t c h .  

Control led to rque  h i s t o r y  can be obtained by 

The use of fo rc ing  c i r c u i t s  t o  cause o v e r e x c i t a t i o n  of e l e c t r o -  

m a g n e t i c a l l y  a c t u a t e d  c l u t c h e s  very e f f e c t i v e l y  reduced response times. 

Wear of f r i c t i o n  c l u t c h e s  sometimes r e su l t s  i n  p roduc t s  t h a t  can 

cause contamination of p l a t e s  and a dec rease  i n  t h e  torque c a p a c i t y  of 

t h e  c l u t c h .  There a r e  f r i c t i o n  m a t e r i a l s  a v a i l a b l e ,  though, t h a t  wear 

v e r y  l i t t l e  and whose products  of wear a r e  kept a t  a minimum. 

Most d i s c  c l u t c h e s  have ve ry  l i t t l e ,  i f  any, drag torque.  A l l  

t h r e e  wrap-spring c l u t c h e s  t e s t e d  had s i g n i f i c a n t  drag t o r q u e s  -- high 

enough t o  cause hea t ing  problems a t  speeds above 500 r.p.m. 

Wrap-spring c l u t c h e s  had t h e  h i g h e s t  torque-to-weight and 



torque-to-volume r a t i o s .  Electromagnet ical ly  a c t u a t e d  d i s c  c l u t c h e s  

had r a t i o s  n e a r l y  a s  high a s  the  r a t i o s  f o r  wrap-spring c l u t c h e s ,  bu t  

t h e  r a t i o s  f o r  pneumatical ly  ac tua t ed  d i s c  c l u t c h e s  were low. 

Wrap-spring c l u t c h e s  had much lower a c t u a t i n g  power requirements  

t h a n  d i d  d i s c  c l u t c h e s  of equ iva len t  t o rque  c a p a c i t i e s .  

Maximum speeds a r e  more l i m i t e d  f o r  wrap-spring c l u t c h e s  than  

f o r  d i s c  c lu t ches .  

Because manufacturers  tend t o  c o n s e r v a t i v e l y  r a t e  t h e  to rque  

c a p a c i t i e s  of t h e i r  c l u t c h e s ,  t h e r e  i s  no problem i n  o b t a i n i n g  t h e  

r a t e d  to rque  of t h e  c l u t c h  even a t  high temperatures .  

f o r  t h e  e l e c t r o m a g n e t i c a l l y  ac tua t ed  d i s c  c l u t c h  t e s t e d  decreased,  

though, when t h e  c l u t c h  was operated a t  high temperatures .  

Heat gene ra t ed  w i t h i n  a c l u t c h  can be c a l c u l a t e d  knowing t h e  

Maximum to rque  

s l i p p i n g  c h a r a c t e r i s t i c s  of t h e  c l u t c h  a s  a f u n c t i o n  of time and t h e  

v a l u e s  of t h e  components making up t h e  e l e c t r i c a l  network if t h e y  a r e  

a c t u a  t e d  e l  e c t r i  ca 1 1 y. 

Heat can be t r a n s f e r r e d  from a c l u t c h  by r a d i a t i o n ,  conduction, 

and convection. Without an atmosphere or a g r a v i t a t i o n a l  f o r c e ,  on ly  

t h e  f i r s t  two apply.  

Contact  conductance should be considered when making conduction 

c a l c u l a t i o n s ,  e s p e c i a l l y  i f  t h e  a p p l i c a t i o n  i s  t o  be i n  vacuum. 



52 

APPENDIX A 

INSTRUMENTATION AND EQUIPMENT 

A block diagram and a gene ra l  d e s c r i p t i o n  of t h e  t e s t  a p p a r a t u s  

were (@veri i n  Chapter 11. De ta i l ed  d e s c r i p t i o n  of t h e  i n s t r u m e n t a t i o n  

and equipment i s  g iven  here. 

A Vickers AR-10007-Bel hydrau l i c  motor ( c h a r a c t e r i s t i c s  s i m i l a r  

t o  t h e  Vickers Model 913 a i r c r a f t - t y p e  h y d r a u l i c  pump) was used, con- 

t r o l l e d  by a Moog servo va lve ,  Model 22-135A. A Denison h y d r a u l i c  pump 

was used t o  supply f l u i d  t o  t h e  va lve  a t  a p r e s s u r e  of 1000 p s i .  

Valves ( s e e  Figure 23) were used t o  completely by-pass t h e  se rvo  

v a l v e ,  i f  d e s i r e d .  

and a c c u r a t e l y  c o n t r o l l e d  with t h e  s e r v g  valve.  

High speeds could be obtained wi th  t h e  by-pass v a l v e s  

A f lywheel was used d i r e c t l y  a f t e r  t h e  h y d r a u l i c  motor t o  reduce 

f l u c t u a t i o n s  i n  speed due t o  sudden a p p l i c a t i o n s  of loads.  

The speed of t h e  appa ra tus  was d i sp layed  on a Hewlett-Packard 

52331 E l e c t r o n i c  Counter. 

120 g e a r  t e e t h  t u r n  on a s h a f t  connected t o  t h e  flywheel s h a f t .  A s  t h e  

g e a r  t u rned ,  a p h o t o s e n s i t i v e  pickup focused on t h e  g e a r  gave a p u l s e  

f o r  eve ry  g e a r  t o o t h  t h a t  passed i n  f r o n t  of it. The pickup was Model 

836 by Power Instruments  Inc. The p u l s e s  were summed and d i s p l a y e d  i n  

i n t e r v a l s  of one second each by t h e  Hewlett-Packard counter .  S ince  t h e  

g e a r  had 120 g e a r  t e e t h  and t h e  p u l s e s  were counted f o r  one second, t h e  

number d i sp layed  was numerically equal  t o  tw ice  t h e  speed of t h e  appa ra tus  

i n  r.p.m. 

This  was accomplished by having a g e a r  w i t h  
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, 
Another gea r  t u rned  on the  same s h a f t  a s  t h e  gea r  used t o  read 

t h e  speed. T h i s  second gea r  was used t o  t u r n  a g e n e r a t o r  which p u t  o u t  

a d.c. v o l t a g e  p r o p o r t i o n a l  t o  speed. The g e n e r a t o r  was t h e  first ele- 

ment of t h e  feedback c i r c u i t .  

it generated 0.00357 v o l t s  p e r  r,p.m. of t h e  h y d r a u l i c  motor when 1 2  

v o l t s  were a p p l i e d  a c r o s s  t h e  f i e l d .  

Made by F a i r c h i l d  I n d u s t r i e s  (Model 532-A), 

To f i l t e r  o u t  unwanted a.c. s i g n a l s ,  a f i l t e r  such a s  shown i n  

F igu re  24 was used on t h e  output  of t h e  gene ra to r .  

( s e e  Figure 26) such t h a t  T~ was 0.000156 and T~ was 0.016, making 

t h e  f i l t e r ' s  t r a n s f e r  funct ion:  

Components were used 

0.000156S + 1 - - 
Eo/Ei 0.0165 + 1 

As long a s  ve ry  l i t t l e  c u r r e n t  went through t h e  f i l t e r ,  t h e r e  was l i t t l e  

d r o p  i n  t h e  s i g n a l .  

The feedback loop was summed wi th  t h e  r e f e r e n c e  vo l t age .  A c i r -  

c u i t  a s  shown i n  F igu re  25 was used t o  accomplish t h e  summing. With com- 

poinents a s  shown i n  Figure 26, t h e  ou tpu t  of t h e  summing c i r c u i t  was: 

E = (E + E )/12 
0 s 9  

The v o l t a g e  

t h a t  of t h e  supply 

system. 

ou tpu t  of t h e  g e n e r a t o r  was of oppos i t e  s i g n  than  

v o l t a g e ,  r e s u l t i n g  i n  a "negat ive" feedback c o n t r o l  

The. ou tpu t  of t h e  summing c i r c u i t  went i n t o  a Dymec a m p l i f i e r ,  

Model 2460A. Tho i n p u t  impedance of t h e  a m p l i f i e r  was one megohm a t  

d .c . ,  so ve ry  l i t t l e  c u r r e n t  was drawn from t h e  supply and t h e  gene ra to r .  
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Filter 24. F i l t e r  Circui t .  

. . .  
Figure 25. Summing Circui t .  
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Output of t h e  a m p l i f i e r  was connected d i r e c t l y  t o  t h e  se rvo  va lve  t o  

c o n t r o l  t h e  motor. 

Three d.c. power s u p p l i e s  were used, one of which was made accord- 

i n g  t o  t h e  diagram i n  Figure 27. 

v o l t  f i e l d  f o r  t h e  d o c .  generator .  

H a r r i s o n  Labora to r i e s ,  was used a s  t h e  r e f e r e n c e  s i g n a l  f o r  t h e  e n t i r e  

system. 

age-regulated d u a l  d o c .  power supply and was used t o  supply power t o  t h e  

p h o t o s e n s i t i v e  pickup. The o the r  h a l f  of t h e  dua l  power supply was used 

t o  f u r n i s h  power t o  e l e c t r i c a l l y  a c t u a t e d  c lu t ches .  

T h i s  supply was used t o  supply t h e  1 2  

Another supply,  Model 6204A by 

The t h i r d  power supply was one h a l f  of a Kepco Model 430D, v o l t -  

The c l u t c h  t o  be t e s t e d  was pos i t i oned  a f t e r  t h e  feedback loop. 

A i r ,  a.c. power, and d.c. power a s  mentioned above were a v a i l a b l e  f o r  

a c t u a t i n g  c l u t c h e s .  

A Model 1214-200 Lebow to rque  t r a n s d u c e r ,  w i th  to rque  c a p a b i l i -  

t i e s  up t o  200 inch-pounds, was used for t h e  l a r g e r  c lu t ches .  

c a p a b i l i t i e s  o n l y  up t o  200 inch-ounces, Model MTE-200, a l s o  by Lebow, 

With 

was used t o  t e s t  t h e  sma l l e r  c lu t ches .  

A Type 564 S to rage  Osc i l l o scope  wi th  a Type 3172 Dual- t race Ampli- 

f i e r ,  both made by Textronix,  Inc., was used t o  r eco rd  t h e  time h i s t o r y  

o f  torque.  

c l u t c h  being tested, and a Sanborn r e c o r d e r  p r e a m p l i f i e r ,  Model 350-1100B, 

uas used t o  ampl i fy  t h e  t r a n s d u c e r ' s  s i g n a l  t o  a l e v e l  s u i t a b l e  f o r  t h e  

scope  . 

The scope was t r i g g e r e d  by t h e  switch t h a t  a c t u a t e d  t h e  

Between t h e  p reampl i f i e r  and t h e  scope, a low-pass f i l t e r  was 

used t o  remove high frequenqy v i b r a t i o n s  gene ra t ed  by t h e  t e s t  appa ra tus  

d u r i n g  to rque  bu i ld -up  ( s e e  Figure 28). 

I .  , % ' *  $ '  * ; I > I  .l * I  ' 

T h i s  f i l t e r  began a t t e n u a t i n g  
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s i g n a l s  w i th  frequency a t  about SO cps. Before applying t h e  f i l t e r ,  small  

v i b r a t i o n s  having a f requency of 350 t o  400 cps were observed ( t h i s  

a g r e e s  very  well wi th  t h e  e r r o r  a n a l y s i s  i n  Appendix C ) .  

e l i m i n a t e d  t h e s e  v i b r a t i o n s .  To damp o u t  some of t h e  v i b r a t i o n s  and t o  

provide  a s o l i d  test s t and ,  t h e  appa ra tus  from se rvo  va lve  t o  f i x e d  end 

was mounted on a l a t h e  bed. 

The f i l t e r  

Although a i r -ope ra t ed  c lu t ches  were a c t u a t e d  by a so lenoid  va lve  

( A S 0  No. 831723 3-way v a l v e ) ,  it was t h e  p r e s s u r e  h i s t o r y  r a t h e r  t h a n  

t h e  c u r r e n t  h i s t o r y  of t h e  so lenoid  t h a t  was of i n t e r e s t  for t h e s e  

c l u t c h e s .  To o b t a i n  t h e  pressure  h i s t o r y ,  a Baldwin-Lima-Hamilton Corp. 

p r e s s u r e  t r ansduce r ,  Type GP-CG, was placed i n  t h e  a i r  l i n e  t o  t h e  

c l u t c h .  

the t r a n s d u c e r ' s  s i g n a l  before  it e n t e r e d  t h e  osc i l l o scope .  

Another Sanborn Model 350-1100B p r e a m p l i f i e r  was used t o  ampl i fy  
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APPENDIX B 

EXPERIMENTAL DATA 

On t h e  fol lowing pages a r e  r e p r e s e n t a t i v e  d a t a  obtained i n  tests. 

A b r i e f  d e s c r i p t i o n  of each f i g u r e  i s  given. 

Figure 30 i s  t h e  time h i s t o r y  of t o rque  and c u r r e n t  f o r  C lu tch  A. 

The i n p u t  speed of t h e  c l u t c h  was lo00 r.p.m, 

Figure 31 shows t h r e e  time h i s t o r i e s  of C lu tch  A (made by t r i p l e  

exposure) ,  changing each time t h e  v o l t a g e  app l i ed  t o  t h e  c lu t ch .  

t h e  curve 

v o l t a g e ,  90 v o l t s  doc . ,  was used t o  o b t a i n  t h e  curve IIb." 

ob ta ined  when t h e  vo l t age  suppl ied t o  t h e  c l u t c h  was 60 v o l t s .  

speed was he ld  cons t an t  a t  1000 r.p.m. f o r  a l l  t h r e e  runs.  

For 

Rated app l i ed  v o l t a g e  t o  t h e  c l u t c h  was 125 v o l t s  doc .  

Curve "cI1 was 

Input  

The e f f e c t  of a fo rc ing  c i r c u i t  on C lu tch  A i s  shown i n  F igu re  32. 

The c i r c u i t  used was of t h e  same t y p e  a s  shown i n  Figure 13. 

o f  t h e  components were 0.22 microfarads and 465 ohms. 

t h e  c l u t c h  a c t u a t e d  without  t h e  f o r c i n g  c i r c u i t .  

t h e  f o r c i n g  c i r c u i t  was u t i l i z e d ,  

The v a l u e s  

Curve Itat1 i s  of 

To o b t a i n  t h e  curve I1b,l1 

Represen ta t ive  d a t a  f o r  C lu tch  B a r e  shown i n  Figure 33 through 

F i g u r e  35. 

For t h e s e  h i s t o r i e s  t h e  i n p u t  speed of t h e  c l u t c h  was 1000 r.p.m., and 

t h e  v o l t a g e  a p p l i e d  a c r o s s  t h e  c l u t c h  was 90volXs d.c. The same i n p u t  

speed and a p p l i e d  v o l t a g e  were used t o  o b t a i n  Figure 34. 

however, t h e  t o r q u e  a t  which the s l i p  c l u t c h  would s l i p  was set much 

Torque and c u r r e n t  time h i s t o r i e s  a r e  shown i n  F igu re  33. 

For t h i s  run, 
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Figure 30. Histories of Clutch A. 

250 

200 

150 

100 

50 

0 

50 

25 

0 

Time, millisec. 

Figure 31. Variation of Histories with 
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h i g h e r  t h a n  t h e  r a t e d  to rque  of C lu tch  B. 

t o  i t s  maximum ( l i m i t e d  by t h e  p re s su re  between t h e  p l a t e s ) ,  and t h e  

c l u t c h  was t h e n  disengaged. 

Torque was allowed t o  b u i l d  up 

Figure 35 shows t h e  e f f e c t  of changing t h e  gap a c r o s s  which t h e  

discs must move t o  make contact .  Curve tta" was t h e  run  i n  which t h e  

smaller gap was used. 

Data f o r  ano the r  d i s c  c l u t c h ,  C lu tch  C a r e  shown i n  Figure 36 

t h rough  F igure  38. 

t o r q u e ,  i n p u t  speed 1000 r.p.m. and app l i ed  v o l t a g e  t h e  r a t e d  1 2  v o l t s .  

The d i s c o n t i n u i t y  i n  t h e  torque curve should be neglected.  

by t h e  sudden a r c i n g  a c r o s s  t h e  switch when it was opened. 

c o n t i n u i t y  i s  more prominent for t h i s  c l u t c h  t h a n  for most of t h e  o t h e r s  

because c u r r e n t  was higher .  A - c l o s e r  look a t  t h e  bui ld-ups a r e  shown i n  

F i g u r e  37, and to rque  decay i s  well i l l u s t r a t e d  i n  Figure 38. In  both 

cases t h e  i n p u t  speed was 1000 r.p.m. and app l i ed  v o l t a g e  was 1 2  v o l t s  

d o c .  

Figure 36 shows t h e  time h i s t o r y  of c u r r e n t  and 

I t  was caused 

The d i s -  

Build-ups f o r  Clutch D f o r  t h r e e  d i f f e r e n t  app l i ed  v o l t a g e s  a r e  

shown i n  F igu re  39, a g a i n  accomplished by t r i p l e  exposure. 

was 1000 r.p.m. 

Input  speed 

Applied v o l t a g e s  were a )  35, b) 28, and c )  20 v o l t s  d.c. 

Curves f o r  t h e  s m a l l e s t  c l u t c h  t e s t e d ,  C lu tch  E,  a r e  shown i n  

F i g u r e  40 and Figure 41. Figure 40 i s  t h e  complete time h i s t o r y  of 

t o r q u e ,  a p p l i e d  v o l t a g e  24 v o l t s  d o c .  ( r a t e d )  and i n p u t  speed 500 r.p.m. 

F i g u r e  4 1  shows how t h e  time h i s t o r i e s  va ry  when app l i ed  v o l t a g e s  a r e  

v a r i e d .  

and d )  27 v o l t s  d.c. 

Speed a g a i n  was 500 r.p.m., and v o l t a g e s  were a)16,  b) 20, c )  24, 

Figure  42 t h rough  Figure 44 a r e  r e p r e s e n t a t i v e  d a t a  ob ta ined  for 



66 

200 

d; 50 
1 
U 
k 
0 
I- 

O 
0 40 80 120 160 200 

Time, mill isec.  

Figure 34. Maximum Torque of Clutch B. 
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Figure 35. Effect of Gap Between Plates. 
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Figure 36. Histories of Clutch C. 
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Figure 37. Build-ups of Clutch C. 
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Figure 39. Variation of Build-ups with Voltage 
of Clutch D. 
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Figure 40. Torque History of Clutch E. 
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t h e  pneumat ica l ly  ac tua t ed  c l u t c h e s  t h a t  were t e s t e d .  

a r e  of C lu tch  F, t h e  former a complete time h i s t o r y  of one cycle .  

43 shows how t h i s  h i s t o r y  changes when supply p r e s s u r e  is var i ed .  

F igu res  42 and 43 

Figure 

I n  

each  run ,  t h e  supply p r e s s u r e  was what t h e  ~ e s s ; a r e . G u ~ a ’ . a p Q r d a c h ~ ,  t o  wiik:, 

80, 60, and 40 psi. F igure  44 shows a complete t ime h i s t o r y  fo r  C lu tch  

G, speed 1000 r.p.m. and maximum p r e s s u r e  70 p s i ,  

F igu res  45, 46, and 47 show d a t a  obta ined  from t e s t s  on sp r ing  

c l u t c h e s .  

A 24 v o l t  doc .  so lenoid  suppl ied by t h e  manufacturer  a c t u a t e d  t h e  c lu t ch .  

Time h i s t o r i e s  of to rque  and c u r r e n t  f o r  C lu tch  I a r e  presented  i n  

Curve 

F igure  45, shows c u r r e n t  and torque  bui ld-ups for  C lu tch  H. 

Figure  46 showing t h e  e f f e c t  of i nc reased  vo l t age  on t h e  response.  

“ a n  is a t  r a t e d  vo l t age ,  24 v o l t s  doc . ,  and t h e  curve libti i s  for  an 

a p p l i e d  v o l t a g e  of 30 v o l t s .  

F igure  47 i l l u s t r a t e s  t h e  to rque  bui ld-up of C lu tch  J. The sole- 

noid  used on C lu tch  I was not s t rong  enough t o  a c t u a t e  C lu tch  J, so a 

115 v o l t  a.c. so lenoid  was used. 
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1 -k 2 I1s + kl 
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APPENDIX C 

T 

0 
- - 

e 2  

ERROR ANALYSIS 

Consider F igu re  48, which r e p r e s e n t s  t h e  t es t  a p p a r a t u s  from t h e  

c l u t c h  ou tpu t ,  through a s h a f t  w i t h  t o r s i o n a l  s t i f f n e s s ,  

inch-pounds p e r  r a d i a n  and t h e  t r a n s d u c e r  w i th  t o r s i o n a l  s t i f f n e s s ,  

o f  30,000 inch-pounds per  radian,  t o  t h e  f ixed  end. 

i n e r t i a  f o r  t h e  worst  test case,  i nc lud ing  t h e  i n e r t i a  of t h e  ou tpu t  of 

t h e  c l u t c h ,  coupl ings and s h a f t s  up t o  t h e  c e n t e r  of t h e  t r ansduce r .  I2 
i s  an  e q u i v a l e n t  of a l l  t h e  i n e r t i a  from t h e  c e n t e r  of t h e  t r a n s d u c e r  t o  

t h e  f i x e d  end. I1 and I2 were found t o  be 4.4 x and 0.7 x 

i n - l b s - s e c O 2  re spec t fuk ly .  

kl ,  of 37,000 

k2, 
I1 i s  an e q u i v a l e n t  

Damping has  been neglected.  

F igu re  48 can be r ep resen ted  by t h e  m a t r i x  equa t ion  

where s i s  t h e  Laplace operator .  Solving f o r  

kl 

I l l 2  
--- T( S) 

kl k 2  

I l I 2  I1 I 2  

e2(s)  = Z2kl t I k 3- k2))  
+ -  s4 + s 2 (  1( 1 

S u b s t i t u t i n g  t h e  v a l u e s  of 11, 12, k l ,  and k2  i n t o  equa t ion  (C.2), 



Figure 48. Model f o r  Error Analysis .  

9 1 2  x 10 T ( s )  
s4 t s2(104 x lo6) t 360 x 10l2 

= 

Assuming t h e  to rque  t o  be a ramp f u n c t i o n ,  a s  was t h e  case du r ing  

t e s t i n g ,  i .e .  

1 T(s) = 2 
S 

t h e n  

12 lo9 e,w = 2 2 6 2  s ( s  + 100.5 x 10 ) ( s  + 3.58 x lo6) 

Transforming back t o  the  t ime domain, 

(c.5) 
3 e 2 ( t )  = 33.3 x 10-6t - 1.8 x 10-8sin (1.9 x 10 ) t  

+ 1.2 x 10-l' s i n ( l o 4 ) t  

I t  i s  important  t o  note  t h a t  t h e  c o e f f i c i e n t  of t h e  f i r s t  s inu-  

s o i d a l  term i s  almost 1/2000 of t h e  c o e f f i c i e n t  of t h e  f i r s t  term, and 

t h e  c o e f f i c i e n t  of t h e  second s i n u s o i d a l  term i s  less than  1/270,000 of 

t h e  c o e f f i c i e n t  of t h e  f i r s t  term and, t h e r e f o r e ,  t hey  in t roduce  no 

s i g n i f i c a n t  error. 



The frequencies of the  sinusoidal terms are  302 cps and 1600 cps. 

The f i l t e r  between the  preamp and the  scope attenuated frequencies above 

50 cps, thus reducing even further the amplitude of  bny s ignal  due t o  

t h e  natural frequencies of t h e  test apparatus. 
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Table 5. Key: Clutch Manufacturers 
I - 

Clutch Manufacturer Model No. 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

- -~ - - 

Fawick Corporation 

Stearns Electric Corp. 

American Precision 

Autotronics, Ino, 

Reeve6 

Conmy Clutch Co, 

Horton Manufacturing Co, 

Precision Specialties, Inc, 

Precision Specialties, Inc 

Marquette Div., Curtis-Wright Corp. 

S C - m  

3.5 SUR 

U-CB-40 

C-12-3 

SR-30664 

858-3E 

Air Champ Flywgt. 

SA-WO 

EMC-I 

G93-5 


